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ABSTRACT

An abstract of the dissertation of Sarah Bartos Smith for the Doctor of Philosophy in
Biology presented June 9, 2008.

Title: The Reproductive and Conservation Biology of the Spotted Towhee in Urban
Forest Fragments

I studied the demography, reproductive biology, and mating behavior of
Spotted Towhees (Pipilo maculatus) in four urban parks in relation to park area, the
presence of recreational trails, and the effects of habitat edges. Despite high towhee
abundance in the parks, two of the four are population sinks with levels of yearly
reproductive productivity that do not offset adult survival. The other two parks have
sufficient reproduction to adequately result in stable or growing population sizes. Park
area and the proportion of habitat edge had no influence on population growth rate,
reproductive productivity, or survival. However, trail density was negatively related to
population growth rate, and this appears to be due to the negative effects of trail
density on adult survival.
Experienced females who nested near recreational trails exhibited high nest
success, and while there was no such relationship between nest success and a nest's
distance from habitat edge, nests near edges fledged significantly more offspring, were
less likely to suffer partial brood losses, and nestlings near edges bordering residential
areas were significantly heavier than those in the park interior. This suggests that

urban habitat edges, particularly those bordering residential areas where anthropogenic
food sources like bird feeders are present, may provide abundant food resources for
species that are able to utilize these sources, and these supplemental foods may
improve the overall reproductive output for individuals nesting nearby.
Consistent with previous results that edges provide supplemental food for
urban towhees, I found that female condition was negatively correlated with distance
to habitat edge. The probability of extra-pair paternity (EPP) was highest both near
habitat edges and in the park interior, but the proportion of extra-pair young (EPY) in
the nests of females who engaged in this activity showed the opposite pattern: broods
at intermediate distances from edges had the highest proportion of EPY. Communal
food resources near habitat edges may create opportunities for chance extra-pair
mating encounters, but females in food-poor interior habitats may engage in EPP more
regularly as they leave their territory in search of food resources.
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CHAPTER ONE
BACKGROUND AND OVERVIEW

Human populations are rapidly growing, and the world's urban population has
increased tenfold in the last century (Marzluff et al. 2001a). As cities grow larger,
wildlife habitat becomes fragmented or degraded (e.g. Theobald 2000), and this is one
of the leading causes of species extinction in the United States (Czech and Krausman
1997). In this time of increasing urbanization, it is important that we increase our
understanding of the effects of habitat fragmentation and degradation on the wildlife
living in urban environments. This knowledge is important for the planning and
management of urban parks and greenspaces, as well as for the general understanding
of the conditions necessary to support wildlife communities.
Most studies of birds in urban environments have to date focused on the
quantification of community structure across habitats within an urban to exurban
gradient (Marzluff et al. 2001a). While studies investigating species abundance in
fragmented habitats can be important in revealing the general trends and patterns of
avian community structure, it is essential that longer-term studies of the demography
of bird populations, including reproduction, survival, and dispersal, are conducted to
explain these trends (Marzluff et al. 2001a). Additionally, aside from studies of the
effects of urban noise on bird song (see Patricelli and Blickley 2006), no study has yet
investigated the ways in which urbanization more subtly influences avian mating
behavior. In urban habitat fragments (and other fragmented landscapes), we need to
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apply the rigorous methodology that has been established for studies of populations
that inhabit unfragmented populations, including studies of the demography and
behavior of color-banded populations of birds.
While many studies of reproductive success and survival have been done in
habitats fragmented by agriculture and forestry (reviewed in Lampila et al. 2005), it is
important to note that results of these studies cannot necessarily be generalized to
urban forest fragments. In fact, patterns of survival and nest success appear to differ in
all three types of forest fragments. Studies have found higher nest predation and lower
adult survival in fragments within an agriculture matrix than in landscapes fragmented
by logging (Bayne and Hobson 1997, Bayne and Hobson 2002). Additionally,
fragments within the urban environment have many specific features that may make
them different from other types of fragments. First, while fragments have often been
shown to have lower food availability than relatively natural habitats (Zanette et al.
2000, Doherty and Grubb 2002), urban fragments may provide wildlife with increased
food supply in the form of anthropogenic food sources (Partecke et al. 2006, Robb et
al. 2008). Additionally, urban areas serve as heat islands that create warmer
microclimates, particularly in the winter (Partecke et al. 2006), which may lead to
increased over-winter survival for resident species, as well as an earlier start to the
breeding season. For instance, urban blackbirds (Turdus meruld) in Germany have
extended breeding seasons when compared to non-urban populations (Partecke et al.
2005), while several studies of birds nesting in habitat fragments within an agricultural
matrix found a shorter breeding season for birds in small fragments (Hinsley et al.
2

1999, Zanette et al. 2000). Birds in urban environments are also subject to many
stressors specifically associated with human settlements, including higher densities of
non-native predators (e.g. domestic cats, dogs, rats), noise and light pollution, traffic,
and the presence of human disturbances on a regular basis (Partecke et al. 2006).
These stressors have demanded that successful city-dwelling individuals become less
timid and more tolerant of such disturbances, and consequently urban birds have been
shown to have lower stress responses than their conspecifics inhabiting non-urban
habitats (Schoech et al. 2004, Partecke et al. 2006).
Portland, Oregon is an ideal city for investigations of the ways that urban
forest fragmentation may influence bird populations. Portland is a rapidly growing
urban center, yet it is among the top five cities in the United States in terms of total
forested area, and has over 200 parks and greenspaces, including one of the largest
urban parks in the United States (Forest Park, over 2000 ha). Preliminary data from a
study of the parks and greenspaces in Portland, Oregon suggests that the abundance of
Neotropical migrant and resident birds are positively and negatively correlated with
park area, respectively (D. Bailey and M. T. Murphy, unpubl.). The reason(s) for the
difference between resident and migratory species are not yet understood as there have
been no long-term studies of the demography of bird populations in Portland's
greenspaces.
Among the most abundant species in Portland's parks and greenspaces is the
Spotted Towhee (Pipilo maculatus); D. Bailey and M. T. Murphy, unpubl. data), a
resident species in the Pacific Northwest, and the focal species of this dissertation. I
3

conducted this work in four parks in the Tryon Creek watershed in Portland, Oregon
that range in size from 10 to 24 ha, the size range that towhees are found in their peak
abundance in Portland (see Fig. 2.1). I concentrated on the ecological features within
these four parks, specifically the recreational trails that permeated all four parks and
the habitat edges that are inevitable in fragmented landscapes, and how these features
influenced Spotted Towhee demography, reproductive output, and mating behavior.
In Chapter Two, I asked whether Portland's urban forest fragments support
sustainable populations of Spotted Towhees. Using abundance data to estimate habitat
quality would suggest that these four parks are ideal towhee habitat, however such
assessments of habitat quality are best made using data on reproductive productivity
and adult survival so it can be determined whether populations are self-sustaining.
Few studies have evaluated such demographic parameters in the urban environment
(Marzluff et al. 2001a) as most work to date has focused simply on the success or
failure of individual nests, not on seasonal productivity of young. Similarly, aside
from a few recent studies (Horak and Lebreton 1998, Leston and Rodewald 2006,
Rodewald and Shustack 2008a, b), estimates of adult survival in urban environments
are largely lacking from the current literature. Although the range of parks in which I
worked was limited and results must thus be interpreted with caution, I also evaluated
whether ecological features within these parks, such as park area, trail density, and the
proportion of edge habitat may have influenced the demographics of the towhees
breeding in these parks.
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In Chapter Three, I investigated how park size and proximity of nests to habitat
edges or recreational trails influenced the reproductive success of Spotted Towhees.
Most studies of reproductive success in the urban environment have focused solely on
nest success (i.e. the percentage of nests that fledge at least one offspring, typically a
measure of the rate of nest predation) and they have given inconsistent results (Gering
and Blair 1999, Matthews et al. 1999, Jokimaki and Huhta 2000, Thorington and
Bowman 2003, but see Morrison and Bolger 2002). In addition to studying rates of
nest success in relation to park area and proximity to habitat edges and recreational
trails, I also investigated other reproductive parameters, such as clutch size, fledgling
production, and nestling condition. Inclusion of these additional parameters is
important because nest predation is not the only factor in the urban environment that
could lead to decreases in fledgling production, and including multiple components of
reproductive performance may better elucidate the relative roles of other factors, such
as food abundance, in limiting or promoting reproductive potential.
In Chapter Four, I studied how urban habitat edges influenced the extra-pair
mating system of the Spotted Towhee. The pursuit of copulations outside the social
pair bond is an important aspect of the mating system for most species of birds
(Birkhead and Moller 1998), and changes in or disruptions to this behavior can change
the opportunities for sexual selection (Webster et al. 1995, Moller and Ninni 1998)
and ultimately have evolutionary consequences for birds (Morton and Stutchbury
2005, Perlut et al. 2008). While ecological factors, including food abundance, habitat
quality, and weather, have been shown to influence the rates of extra-pair paternity
5

(EPP) in birds (Westneat 1994, Hoi-Leitner et al. 1999, Norris and Stutchbury 2001,
Charmantier and Blondel 2003, Johnsen and Lifjeld 2003, Vaelev et al. 2003,
Bouwman and Komdeur 2006, Rubenstein 2007), surprisingly little attention has been
given to the influences of habitatfragmentationon the extra-pair mating system in
birds (but see Norris and Stutchbury 2001). In this chapter, I attempted to distinguish
between two hypotheses for how food abundance may influence rates of EPP, and
discussed the unique features of the urban environment that may lead to changes in the
extra-pair mating system of urban-dwelling birds.
This dissertation investigates the reproductive and conservation biology of
urban populations of Spotted Towhees, and contributes to a new generation of urban
research that goes beyond accounts of species abundance and nest success in
urbanized landscapes. Recent work on the demography and physiology of urban birds
has provided exciting new insights into the effects of urbanization on bird populations,
and I look forward to future research on the more subtle effects of urbanization on bird
behavior and mating systems.
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CHAPTER TWO
POPULATION GROWTH RATES OF SPOTTED TOWHEES
IN URBAN FOREST FRAGMENTS

ABSTRACT

We quantified seasonal reproductive productivity and adult survival of Spotted
Towhees (Pipilo maculatus) within four mid-sized urban parks in Portland, Oregon,
between 2004 and 2007. We tested for differences in demographic parameters
between larger (~20 ha) and smaller (-10 ha) parks, and found no difference in
productivity, and only weak evidence that adult survival (SA) tended to be greater in
larger parks. We used our empirically-determined rates of productivity and survival to
simulate long-term population growth rate (X) of each population. Two of the four
sites were likely population sinks, a third approached source-status, while the fourth
was a clear source population. Sensitivity analyses showed that X was equally sensitive
to changes in juvenile survival (Sj) and productivity, but was 2.5 times more sensitive
to changes in SA. Additionally, the rates of Sj necessary for positive population growth
in the two sink populations were higher than what would be reasonably expected for
fledgling birds in habitat fragments. We found that trail density, but not the proportion
of habitat edge, was negatively associated with population growth rate, and that this
appeared to be due to lower SA in parks with high trail density. Our findings led us to
conclude that, despite the high population densities of towhees in Portland's parks and
greenspaces, many of the urban forest fragments are likely population sinks for
7

towhees. We also emphasize the importance of documenting both reproduction and
local survival in studies of avian conservation because the two may show different
(and, in our case, even opposite) responses to habitat characteristics, and data on both
demographic parameters are therefore necessary to inform sound management
decisions.

INTRODUCTION

Population density is often used as a metric of habitat quality (e.g. Holmes and
Sherry 2001, Morris 2003) based on the assumption that individuals are distributed in
an ideal free manner such that all individuals gain equal access to resources (Fretwell
and Lucas 1970). However, if older or dominant individuals preemptively or
despotically restrict access to preferred habitats, the majority of the population may
actually be forced into low quality habitats (Fretwell and Lucas 1970, Vickery et al.
1992). High population density may also be a misleading measure of habitat quality if
dense populations, regardless of habitat quality, attract predators and cause densitydependent predation and a failure of the population to replace itself (Purcell and
Verner 1998). Interpretation of the relationship between population density and habitat
quality must therefore be made cautiously. Indeed, Bock and Jones (2004) found a
positive correlation between density and reproductive success of birds in relatively
undisturbed natural areas, but opposite trends in anthropogenically altered habitats.
Demographic statistics therefore provide the only certain means to evaluate habitat
quality (Van Home 1983, Murphy 2001), and decisions based on lesser data may lead
.8

to poor outcomes in the management of habitats (Van Home 1983) and establishment
of habitat reftiges.
The need for direct estimates of vital rates is particularly important for
populations inhabiting fragmented and otherwise human-influenced environments,
including urban areas (e.g. Bock and Jones 2004). Urbanization leads to dramatically
altered habitats (Miller and Hobbs 2002) and there is substantial need to better
understand the mechanisms by which urban systems affect wildlife populations, as
nearly half of the world's population currently inhabits urban areas (with numbers
expected to double within the next 50 years; Crane and Kinzig 2005). In general, most
taxa appear to be negatively affected by urbanization (Marzluff 2001, Blair 1999,
McKinney 2002), but for reasons that are not entirely clear, a subset of species
(synanthropes) appears to benefit from urbanization (Shochat et al. 2006).
Urban areas present unique environments for avian inhabitants. Predator
communities are changed because of the loss of native predators and an increase in
domestic and feral predators (e.g. cats, rats) and corvids (Shochat 2004), leading to
altered rates of predation on nestlings (Gering and Blair 1999, Jokimaki and Huhta
2000, Thorington and Bowman 2003) and adults (Shochat et al. 2004). Additionally,
the presence of recreational trails in urban greenspaces, and/or the human activity
associated with them, may further change predator abundance patterns (Forman 1995,
Hennings 2001, Sinclair et al. 2005), thereby influencing avian nest success (Miller et
al. 1998, Miller and Hobbs 2000, Bartos Smith et al. in press, Chapter 3). Urban areas
often experience losses of arthropod food sources (Bolger et al. 2000), but an increase
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in anthropogenic foods (e.g. seed from bird feeders, fruits and nectar from exotic
vegetation, human refuse) that supplement food supplies for alien and native
synanthropes (Shochat 2004, Partecke et al. 2006, Robb et al. 2008). Exotic vegetation
may appear to birds as attractive nesting sites, but lead to decreased nest success
(Schmidt and Whelan 1999, Borgmann and Rodewald 2004, Rodewald in press), and
the warmer and drier microclimates of cities (Sukopp 1998, Partecke et al. 2005,
Shochat et al. 2006) may cause changes in the timing of breeding (Schoech and
Bowman 2001, Partecke et al. 2005) and migratory behavior (Adriaensen and Dhondt
1990, Yeh 2004, Partecke and Gwinner 2007) of urban birds.
Students of urban bird ecology have amply quantified the abundance of species
across community types and degrees of urbanization (Marzluff 2001), but only
recently has attention has been given to the effects of urbanization on reproductive
success. Among species studied to date, breeding productivity decreased with
increasing urbanization in most (Shawkey et al. 2004, Vierling 2000, Philips et al.
2005, Rodewald and Shustack 2008b), but in some, productivity was either unaffected
(Leston and Rodewald 2006, Rodewald and Shustack 2008a) or increased with
urbanization (Conway et al. 2006). Even fewer studies have documented adult
survivorship in urban areas, and no clear pattern has yet emerged (Horak and Lebreton
1998, Leston and Rodewald 2006, Rodewald and Shustack 2008a, b). Rigorous
studies of the demographics of birds in urban areas are therefore very limited, and this
gap in knowledge is important because urban environments may appear as seemingly
suitable habitat that attracts individuals into sites in which survival and/or reproductive
10

success maybe low (i.e. ecological traps; Gates and Gysel 1978). For instance,
Rodewald (in press) showed that exotic plants presented attractive nest sites for
Cardinals (Cardinalis cardinalis) that were nonetheless prone to failure. High density
urban populations of synanthropic species may therefore at first appear to be healthy,
self-sustaining source populations, but in fact function as population sinks that can not
be sustained without immigration (sensu Pulliam 1988).
The human population of Portland, Oregon, has increased by nearly 50% in the
last 25 years, and population growth is projected to increase even more from the
current population of 1.4 million to nearly 2.4 million by 2040 (METRO estimate).
Despite its rapid urban expansion, the city has over 200 parks and greenspaces
(P&GS) and its forest cover places it among the top five cities in the United States.
Spotted Towhees (Piplio maculatus) are one of the most abundant bird species in
Portland's P&GSs (M. T. Murphy, unpubl. data), yet they appear to be sensitive to
habitat fragmentation in other regions (Bolger et al. 1997, Bolger 2002). In Portland,
towhees reach peak abundance in P&GSs that are about 10 ha in area (Fig. 2-1), and
thus towhees seem to be synanthropes potentially able to support self-sustaining
populations in appropriately sized P&GSs. However, area is only one factor affecting
the viability of populations, and density varies greatly even within P&GSs of similar
size (Fig. 2-1).
The retention of P&GSs within developing landscapes is often predicated on
the argument that they provide recreational opportunities for residents of surrounding
neighborhoods. Pressure to construct trails is therefore often strong, but some studies
11

suggest that trails negatively affect avian nest success (Miller et al. 1998). On the
other hand, evidence also exists suggesting that trails may reduce failure rates of
nesting birds (Boag et al. 1984, Miller and Hobbs 2000, Bartos Smith et al. in press,
Chapter 3). P&GSs of similar size may also support variable numbers of individuals as
a result of edge effects. Edges are a natural outcome of fragmentation (Saunders et al.
1991), and in non-urban environments, edges are regularly associated with poor
nesting success (Gates and Gysel 1978, Andren 1992,1995, Andren and Angelstam
1998). The effects of edges on avian nest success are less clear in urban environments
(Matthews et al. 1999, Morrison and Bolger 2002, Patten and Bolger 2003, Thorington
and Bowman 2003), but some studies suggest that access to anthropogenic food
sources may ameliorate or even reverse edge effects for nesting birds (Bartos Smith et
al. in press, Chapter 3).
In an attempt to address these questions, we documented annual productivity
and adult survival of Spotted Towhees in four urban parks in Portland, Oregon. Our
objectives were to quantify site-specific vital rates in P&GSs in the range of sizes
where towhees reach peak abundance (Fig. 2-1), and to project population growth
rates (k) to evaluate whether local populations acted as population sources or sinks.
We also evaluated differences in X between smaller (~ 10 ha) and larger (~ 20 ha)
P&GS, and in relation to trail development and relative perimeter area of each park.
As a byproduct of our results, we conducted a sensitivity analysis to evaluate the
relative influence of each of the demographic parameters (adult and juvenile survival,
and annual productivity) on X, to help identify priorities for conservation planners.
12

METHODS

Species and study sites
Spotted Towhees are a socially monogamous, multi-brooded species that lays 3
to 4 eggs per clutch (Baumann 1959, Davis 1960, Bartos Smith, unpubl.) in nests that
are placed on or near the ground. They are year-round residents in the Pacific
Northwest and therefore mortality is driven by local phenomena.
We studied towhees in four urban parks that are embedded within the
developed landscape near Tryon Creek State Park (Table 2-1). All four parks are
covered by a mixed deciduous-coniferous canopy of mainly Douglas Fir (Pseudotsuga
canadensis) and big-leafed Maple (Acer macrophyllum) that is at least 60 year old,
with a well-developed understory (Lichti 2004). Two parks (Maricara Park and Lesser
Park) are approximately 10 ha in area whereas the two others (West Portland Park
[WPDX] and Springbrook Park [SBP]) are nearer to 20 ha (Table 2-1). All four parks
are undeveloped except for walking trails, but trail development and human use differs
greatly among parks. The trails at WPDX are mainly foot paths and few people visit
the park, whereas trail development and human use are much higher at other parks
(especially Maricara and SBP; Table 2-1). Maricara Park and WPDX are surrounded
almost entirely by residential development, while Lesser and SBP are surrounded by
residential areas, open fields, and major roads.
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Field methods
Spatial properties of parks. - We mapped all trails in each P&GS using a
Trimble GeoXT GPS receiver and categorized trails based on trail width (primary
trails > 1 m, secondary trails = 0.5-0.9 m, tertiary trails = 0.1-0.4 m, and footpaths <
0.1 m). ArcGIS 9.1 was used to determine the total length of each trail type for each
P&GS. Data on greenspace area and length of the perimeter of each P&GS was
obtained using GIS data from McKay (2008) and Lichti et al. (unpubl. data). We
calculated the density of all recreational trails by dividing total trail length by park
area for each P&GS. Similarly, we calculated the relative length of the perimeter (an
estimate of the proportion of edge habitat in each park) by dividing the perimeter
length by the park area.
Reproductive success. - We located nests and collected reproductive data for
color-banded pairs from the 2004 through the 2006 breeding seasons in all parks,
except West Portland Park where we only monitored reproduction in 2005 and 2006.
We began monitoring breeding activity in March of each year, and continued until the
end of the breeding season (mid-August). Nests were checked every 2-3 days to record
clutch size, number of eggs to hatch, and number of young to fledge for each nest.
Young were banded on nestling day 8-9 (when nestlings are large enough to band, but
in no danger of prematurely fledging) with a USFW band and three color bands. They
were also weighed and had the lengths of their right and left tarsi and fifth primary
feather measured. We documented reproductive success of all broods for the entire
breeding season of each pair to ensure that we measured annual reproductive success.
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Adult survival. - Unhanded birds were captured and banded during the
breeding seasons of 2004 through 2006. We captured adult males in mist-nets using a
conspecific taxidermic mount along with song playback. Adult females were captured
by mist nets placed near nests during the nestling period. Captured birds were banded
with an aluminum USFW band and a unique combination of three colored plastic
bands. Adults were weighed, and standard morphological measurements were taken
(right and left tarsus length, right and left wing chord, bill width and length, and tail
length). We distinguished between second year (SY) birds (birds in their first breeding
season) and older birds (ASY) using plumage characters (Pyle 1997).
Informal population censuses in which parks were exhaustively searched for
towhees several times per week were conducted in April and early May (2005 through
2007). Adult return rate was established by resighting color-banded birds during the
surveys, or by recapture at targeted nests. Individuals who were present at the
beginning of the breeding season were considered to be alive during that year, even if
they suffered mortality later in the breeding season. Complete searches of each park
were completed early in the breeding season to avoid the possibility of missing
individuals due to breeding season mortality.

Survival analyses
We used Program MARK (White and Burnham 1999) to calculate apparent
adult survival (SA) for each park by considering all possible combinations of sex and
time (year) on both survival (cp(.)5 (p(sex), (P(time), cp(sex*time)) and detectability (p(.), p(sex),
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P(time))P(sex*time))- Goodness of fit tests were ran on the fully time-dependent model
using program RELEASE (within MARK) to verify that our data adequately fit the
assumptions of equal survival and detection across years. The "median c-hat" function
was used to estimate c-hat (the variance inflation factor), and we adjusted all models
by this calculated value. We used AIC values to compare models, paying particular
attention to all models with AAIC < 2.0 (Burnham and Anderson 2002), and our
estimates of survival (cp) were based on the top model(s) in our analyses.
To determine whether park size had an effect on SA, we also ran additional
models in Program MARK using data from all four parks combined. We ran models
accounting for the potential effects of park, park size, sex, and time on both survival
(IP(.)> *P(sex), (P(time), 9(park), ^(parksize), (P(sex*time), (PCparirtime), 9(parksize*time), 9(sex*park), <P(sex*parksize),
<P(sex*park*time), 9(sex*parksize*time)) a n d d e t e c t a b i l i t y ( p Q , p(sex), P(time), P(park), P(parksize),
P(sex*time), P(park*time), P(parksize*time), P(sex*park), P(sex*parksize), P(sex*park*time), P(sex*parksize*time))- * 0

test whether any one park had greater or lower survival estimates than the others, we
also included models (e.g. (p(wpdx), <P(sbp), <P(maricata), 9(iesser)) comparing each park to all
others. We performed the same goodness of fit and c-hat adjustments as described
above, and used AIC values to compare models.
We were not able to estimate juvenile survival (Sj) directly because of low
natal site fidelity, and therefore we followed standard procedures (e.g. Donovan et al.
1995) and estimated Sj as 0.5*SA- However, this procedure may yield liberal estimates
of Sj because recent work suggests that mortality during the post-fledging period may
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be especially high (Vega Rivera et al. 1998, Yackel Adams et al. 2006), particularly in
fragmented forests (Rush and Stutchbury 2008).

Growth rate simulations
Parks were considered sources if population growth rates (A,) exceeded 1.0,
where X is described by the equation X = SA + (F*Sj). SA and Sj represent adult and
juvenile survival, respectively, and F equals productivity (average number of female
offspring per female per year; Pulliam 1988). We assumed a 50:50 sex ratio and
calculated productivity as half of total annual productivity.
To predict the long-term population growth of each park, we iterated the basic
growth equation (see above) 1000 times with the values for SA being allowed to vary
stochastically within each park's 95% confidence interval calculated by MARK. We
assumed Sj to be half of the stochastically determined SA. Productivity was also
allowed to vary stochastically between the high and low yearly average values
observed for each park. To determine whether differences in survival between smaller
(10 ha) and larger (20 ha) parks were sufficient to generate difference in growth rate,
we conducted simulations allowing SA to vary stochastically between the upper and
lower 95% confidence intervals as calculated by MARK for larger and smaller parks
separately, and Sj to be estimated as half of the stochastically determined SA- We
allowed productivity to vary between the highest and lowest park averages (Table 22), therefore productivity was assumed to be the same for larger and smaller parks.
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Because our Sj estimates were not based on empirical data, we calculated the
Sj that would be necessary to maintain a stable population in each P&GS assuming
our park specific fecundity and SA estimates, and X, = 1.0. Additionally, to determine
the relative influence of each demographic parameter on X. estimates, we conducted
sensitivity analysis using simulations with 100 iterations of the population growth
equation (see above). We allowed fecundity to vary between the population-wide high
and low yearly values, and allowed SA to vary between the 95% confidence intervals
from our MARK survival analysis for all parks combined. We then measured X,'s
response to a 10% increase and decrease in each parameter's high and low estimate,
while holding the values for the other two parameters constant. Sensitivity (S) was
calculated as S = [(X^ - Xd)/ Xm]/[(Pj - Pd)/Pm] (Jorgensen 1994), where the subscripts i,
d, and m refer to the 10% increase, 10% decrease, and mean value for each
demographic parameter (P), respectively. All simulations were done in STELLA 8.0
(High Performance Systems, Inc).

Statistical analyses
We tested for differences in annual productivity (fledglings/female/year) by
year, park, and park size using ANOVA. To evaluate whether there were differences
between our simulated X, estimates, and whether these estimates differed from X, = 1.0,
we also used ANOVA. We used multiple linear regressions and Pearson correlations
to determine the effects of trail density and the proportion of edge habitat on X, SA, and
productivity. All statistical analyses were done in Statistix 8.0.
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RESULTS

Reproduction and Survival
We monitored annual productivity of 31, 59, and 48 pairs in 2004, 2005, and
2006, respectively (Table 2-2). The number of successful nests per pair per year
ranged from 0 (10% of females) to 3 (6.5% of females), with a mean of 1.4 (SE = 0.06;
48.6% and 34.8% of females had 1 and 2 successful nests, respectively). Productivity
did not differ between years or between parks (2-way ANOVA, year: F2,B7 = 1.26, p =
0.288; park: F3;i37 = 1.64, p = 0.184). Similarly, we found no difference in productivity
between pairs in smaller (mean = 3.39, n = 66, SE = 0.259) and larger (mean = 3.11,n
= 72, SE = 0.248; F u 3 7 = 0.62, p = 0.432) parks.
We documented survival of 265 adult towhees from 2004 through 2007 (Table
2-2). A banded individual never went undetected in one year and then appeared in a
later year and therefore detectability (p) estimates for all our MARK top models were
estimated as 1.00. For the survival analyses, c-hat estimates for each P&GS based on
the fully time-dependent model were all less than 1.5 (Lesser = 1.03, Maricara =1.33,
WPDX = 1.24, SBP = 1.46) indicating good fit between the survival models and our
data. Nonetheless, we adjusted all tested models for the park-specific c-hat values to
improve accuracy. For each park, the most strongly supported model was based on
time- and sex-independent survival and detectability (<p(.)p(.)), followed by the model
with sex-dependent survival (<P(sex)Po; Table 2-4). At Maricara, the sex-dependent
survival model was not well supported as its AQAIQ was > 2.00, and at Lesser and
West Portland parks, the simplest model was at least twice as likely as the sex19

dependent survival model. Springbrook was the only park where the sex-dependent
survival model was nearly as well-supported as the simplest model (Table 2-4). Males
tended to exhibit higher apparent survival at all parks except at Lesser (<P(maies)= 0.488*
SE = 0.079, CI = 0.338-640; cp(femaies) = 0.548, SE = 0.091, CI = 0.372-0.714), but
confidence intervals of the sexes were broadly overlapping in all comparisons (at SBP,
the park with the greatest difference between males and females, (p(maies) ~ 0.574, SE =
0.073, CI = 0.429-0.706; cp^ies) = 0.431, SE = 0.084, CI = 0.280-0.597). Because of
this, and the generally strong support for the simplest model at all four P&GS, we
opted to use the single park-specific MARK estimates of survival (Table 2-2) in our
analyses of population growth rate.
The MARK analysis of the combined data from all parks was adjusted by the
median c-hat of 1.167. We found again that the best supported model was based on
sex- and time-independence

(<P(.)PQ), but

that there was also some support for sex-

dependent survival ((p(Sex)P(.)) and park size dependent survival (<P(parksize)P(.); Table 2-5).
However the pattern of different survival estimates between smaller and larger parks
seems to be driven primarily by higher rates of survival at WPDX (cp = 0.567, SE =
0.052, 95% CI = 0.463-0.667) than at the other P&GS (q> = 0.511, SE = 0.030, 95% CI
= 0.451-0.572), as the model that compared survival at WPDX to the other three
P&GS had slightly higher support than the park size dependent survival model
(<P(wpdx)Po; Table 2-5). The simplest model was over 30% more likely than the sexdependent survival model and approximately 60% more likely than the models with
survival dependent on park size and greater survival at WPDX (Table 2-5). Because

there was some support for an influence of park size on apparent adult survival, we
used the MARK estimates for survival in large (9 = 0.538, SE = 0.036, 95% CI =
0.467-0.608) and small (q> = 0.511, SE = 0.040, 95% CI = 0.433-0.588) parks in further
simulations of population growth. There was weak support for the model investigating
differences in survival between parks, time intervals, or any interactions between
terms (All AQAIQ > 2.00). Models that incorporated sex-, time-, park- or park size dependent estimates for p were also weakly supported with AQAIQ > 2.00.

Population projections: source-sink status
Mean X estimates at Maricara and Springbrook Parks both suggested declining
populations (Maricara X = 0.914, CI = 0.907-0.921; SBP X = 0.874, CI = 0.866-0.881,
respectively). Lesser Park's population appeared to be stable (X = 1.006, CI = 0.9971.015), while WPDX emerged as a growing source population (X = 1.088, CI = 1.0811.096). Mean X differed significantly between parks (F33999 = 597, p = 0.004), with all
pair-wise comparisons being significant (Tukey's tests). For all parks except Lesser,
mean Xs were significantly different from 1.0 ^4,4999 = 573, p = 0.007), indicating
strong support for the status of WPDX as a source, and Maricara and SBP as sinks.
The previous analyses utilized an estimate of juvenile survival that was set at
half of adult survival. This maybe questioned because under some conditions the two
may be inversely related (e.g., if high adult parental effort may increase adult

mortality but raise prospects of juvenile survival). Assuming our estimates of SA and F
were accurate, we set X = 1.0 and used park-specific estimates of both variables to
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determine the value of Sj that would be necessary to maintain a stable population. The
Sj required to maintain X = 1.0 ranged from a high of 0.350 at SBP to a low of 0.235 at
WPDX, with Maricara (Sj = 0.313) and Lesser (Sj = 0.260) being intermediate. Sj was
very unlikely to be nearly 50% and 33% higher at SBP and Maricara, respectively,
than at WPDX. Consequently, these data support our conclusion that SBP and
Maricara were population sinks.

Ecological correlates of population growth
Using park-size specific estimates of adult survival yielded an average X of
0.968 for larger parks (CI = 0.963-0.974) and X of 0.926 for smaller parks (CI =
0.921-0.932). Growth rates for larger and smaller parks were significantly different
from one another (F1J999 = 126, p < 0.0001), and both were significantly lower than
1.0 (F2,2999 = 288, p = 0.002). Nevertheless, park size per se was not the basis for the
existence of differences in growth rate because the two larger parks, when examined
separately, exhibited the lowest and highest growth rates.
The two other possible sources of variation in growth rate that we examined
were trail density and the relative amount of edge habitat (perimeter length/total park
area) at each park. Growth rate was unrelated to the density of primary trails (r =
-0.687, p = 0.311) and the relative amount of edge habitat (r = 0.621, p = 0.379).
Although not significant, X tended to exhibit stronger and inverse relationships with
the sum of primary and secondary trails (r = -0.821, p = 0.179), primary, secondary
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and tertiary trails (r = -0.813, p = 0.187), and all trails, including foot paths (r = -0.859,
p = 0.141, n = 4 for all correlations).
Although caution must be exercised with only four data points, we further
explored the possible basis for differences in growth rate among populations by
conducting separate multiple regression analyses with park area and each of the trail
densities and relative edge habitat included as variables. The best model (i.e., both
independent variables significant at p < 0.05 and highest R2a(ij) included park area (p =
-0.012, p = 0.003) and density of primary trails (p = -0.003, p = 0.002; R 2 ^ = 1.00),
followed by the model in which total trail density replaced primary trail density (park
area: p = -0.008, p = 0.026; total trail density: p = -0.005, p = 0.014; R2adj = 0.999).
None of the other three models were significant. Our results thus suggest that high
population growth rate was associated with minimal trail development (especially
primary trails) and smaller parks (Fig. 2-2).
To further explore the basis for the differences in population growth rate we
examined its primary components, annual productivity and adult survival, in relation
to park area, the various trail densities and relative amount of edge habitat.
Productivity was independent of park area, all trail densities, and edge habitat
(strongest correlation with park area, r = -0.623, p = 0.377), and all two-variable
combinations of area with the other variables (results not shown). Adult survival was
unrelated to park area (r = 0.172, p = 0.828) and relative amount of edge habitat (r =
0.190, p = 0.810), but varied inversely with the density of primary trails (r = -0.902, p
= 0.098), and the sum of primary and secondary (r = -0.989, p = 0.011), primary,

secondary and tertiary (r = -0.986, p = 0.014), and total trail density (r = -0.971, p =
0.029; Fig 2-3). As noted above, the high SA at WPDX may have heavily influenced
our results, but even after omitting this park, SA and trail density exhibited a
reasonably strong inverse relationship (r = -0.986, p = 0.106). Park area was again not
significantly related to adult survival in any of the two-variable models, but the best
combination of park area and trail density was that with the sum of primary, secondary
and tertiary trails (park area: p = -0.001, p = 0.161; trail density: p = -0.0005, p =
0.027; R2adj = 0.995). Adult survival thus appeared to vary mainly with trail density.
Our results thus indicate that population growth rate varied inversely with trail
density, and that this was driven by a negative influence of trail density on adult
survival. This suggests that adult survival was the primary determinant of variation in
growth rate among populations. The sensitivity analyses that we conducted supports
this conclusion as the demographic parameter with the greatest influence on X was SA
(Fig. 2-4). The relative influence of F and Sj were roughly equal, but each had only
about 40% of the impact of SA on A, (Fig. 2-4).

DISCUSSION

High habitat fragmentation has frequently been shown to be associated with
low reproductive success in birds (Andren 1992, 1995, Burke and Nol 2000), due
possibly to "edge effects" (Yahner 1988) that arise from the natural inverse
relationship between perimeter length and total park area (Saunders et al. 1991). In
contrast, annual productivity of Spotted Towhees was very similar in the smaller and

larger parks, possibly because when examined against the existing range of park sizes
in Portland (Fig. 2-1), all four had roughly equivalent areas and relative amounts of
edge. Additionally, previous work showed that edges did not negatively influence
Spotted Towhee nest success in this system, and if anything, towhees possibly benefit
from the abundance of anthropogenic food sources at edges (Chapter 3, Bartos Smith
et al., in press). Consequently, without examining a wider range of park sizes, our
ability to address the importance of park size for towhee reproductive success is
restricted. Our limited work in two small fragments (1-2 hectares) each with 1-2
breeding pairs suggests that fecundity in these small fragments is comparable to rates
in the mid-sized parks. The average number of fledglings per pair for five towhee pairs
monitored in 2005 and 2006 was 3.0 (i.e. productivity = 1.5), which is well within the
range of productivity estimates found in the mid-sized parks (Table 2-3). We have no
reproductive data from towhees in parks larger than 24 hectares however, and these
data would be necessary to fully address the effects of park size on fecundity.
Far fewer studies have tested for a relationship between adult survival and
either fragment area or relative edge area, but studies in non-urbanized landscapes
suggest that apparent survival may be lower in small fragments (e.g. Bayne and
Hobson 2002) as a result of either lower food supplies (Zanette et al. 2000, Doherty
and Grubb 2002) or increased exposure to stressful thermal conditions (Dolby and
Grubb 1999). Our MARK analyses yielded some support for lower SA in smaller than
in larger parks, however the model assuming higher SA at WPDX than at the other
parks had slightly higher support than the model for park size-specific SA, therefore
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the pattern of higher SA in larger parks appears to be primarily driven by high SA at
WPDX. We did not find a relationship between the amount of edge habitat and SA,
further indicating no effects of park size on survival. This was somewhat surprising
given that our largest park was at least 2.5 times larger than the two smallest parks, but
as with our estimates of annual reproductive success, a larger range of park size may
be needed to detect negative effects of either area or edge habitat on adult survival.
Another possible explanation for the absence of an area or edge effect may be the use
of anthropogenic food sources by towhees. The propensity of breeding towhees to
move widely to exploit anthropogenic food sources near habitat edges (Bartos Smith
et al., pers. obs.) possibly reduced differences in natural food supplies between parks.
Towhees are resident birds in the Willamette Valley and the extent of their winter
movements is unknown, but several banded birds have been observed at bird feeders
in nearby residential areas during the winter months (Bartos Smith, pers. obs.).
Assuming that individuals distribute themselves near abundant food supplies, negative
effects of winter weather and shortages of natural food supplies on mortality are likely
to be dampened (e.g. Doherty and Grubb 2002). Fragmented urban habitats may thus
present a very different, and favorable, spectrum of food resources than that which is
experienced by birds in fragmented agricultural or forested landscapes.
The absence of an area (or edge) effect on both annual productivity and adult
survival did not translate into equal population growth potentials for the P&GSs.
WPDX emerged as a source population (\ > 1.0), the Lesser Park population appeared
to be able to replace itself, but towhee populations at both Maricara and SBP were
26

unequivocal sink populations (X < 1.0). Relaxing the assumption that Sj was half of
SA and solving for the value of Sj that was needed to maintain a stable population
indicated that Sj for WPDX had to drop below 23.5% before it would become a
population sink. However, the same analyses for Maricara and SBP furthered
highlighted the unlikely ability of either population to maintain itself without outside
immigration. In both cases, roughly a third of fledged young would have to recruit into
the local population to maintain population size, and we suspect that this is very
unlikely for Portland's towhee populations because a 33% recruitment rate falls at the
upper end of values for temperate-zone passerine species (reviewed in Murphy 2001).
For instance, survival of radio-transmittered fledgling Lark Buntings (Calamospiza
melanocorys) ranged from 27.6% to 36.0% during the post-fledging period and this,
combined with an overwinter survival of 68.0%, led to an overall Sj of only 18-25%
(Yackel Adams et al. 2006). Wood Thrush (Hylocichla mustelina) survival during the
post-fledgling period was even lower, with only 3 of 20 radiotracked young (15%)
surviving to independence (Vega Rivera et al. 1998; but see Anders et al. 1997). Postfledging mortality in fragmented habitats has been shown to be high (Rush and
Stutchbury 2008), possibly due to the abundance of domestic, feral and native
predators (Marzluff et al. 2001b, Baker et al. 2005). Spotted Towhees fledge nearly a
week before they can fly (Baumann 1959, S. Bartos Smith pers. obs.) and we suspect
that they may be easy prey for predators. Indeed, we found remains of banded towhee
fledglings in surrounding neighborhoods on several occasions.
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A prior study (Small et al. 2007) on population growth rates for Spotted
Towhees in riparian areas in Sacramento Valley, CA, found that X ranged from 0.25 to
0.33. These growth rates are much lower than those we calculated for Spotted
Towhees in Portland, OR. This can be partly attributed to the high rate of Brownheaded Cowbird (Molothrus ater) parasitism observed in the Sacramento Valley,
which led to a large decrease in productivity (Small et al. 2007). Cowbird parasitism
was nonexistent in our populations, and our observed productivity was consequently
higher than that observed by Small et al. (2007). Additionally, Small et al. (2007)
assumed SA to be 0.25 (± 0.11) based on Spotted Towhee survival estimates for two
sites in this area (Gardali and Nur 2006). Because we showed that SA values have the
greatest impact on X, their lower growth rates are likely due to the much lower SA
estimates used in their analysis. Nevertheless, our higher X values do not necessarily
indicate benefits of urbanization for Spotted Towhees, and we would need to conduct
demographic studies in similar habitat types near Portland to fully determine the
extent of urbanizations^ effects on towhee demography.
In addition to probable differences in food availability (discussed above), the
degree to which humans affect the interior of urban fragments is likely to differ from
fragments in both agricultural and forested landscapes. Urban fragments (i.e. parks)
are nearly always interlaced with trails that provide humans, domestic pets, and some
predators with access to the habitat interior, and in our study, total trail density
emerged as the best predictor of population growth rate. Low population growth rate
was associated with extensive trail systems, and after controlling for this effect, low
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growth rate was also linked to larger parks. Further analyses of annual productivity
and adult survival established that the negative association of population growth rate
with trail systems was related solely to a negative relationship between adult survival
and the density of trails. The mechanism underlying this relationship is unclear, but it
was not related to breeding season mortality as very few adults disappeared between
March and August. We can also eliminate the possibility that the relationship was an
artifact of errors in resighting because detection probabilities were essentially 1.0, and
moreover, extensive trail systems (which we used in our surveys for banded birds)
provided greater access to habitats and should have improved our ability to detect
banded birds.
Certainly, caution must be used to avoid overinterpretation of a limited sample,
and thus we present our results more as a hypothesis than as a statement of fact. But,
the difference in the trail systems at our two largest parks was striking and matched by
large differences in growth rate. Given that few adults disappeared during the breeding
season, the effect of trail systems on towhee survival must have therefore operated
between breeding seasons. Conceivably, feeders were more abundant at parks with
low trail density, but we lack the data to test this hypothesis. Another possibility is that
nesting near trails increased disturbance levels for adults, or increased the exposure of
adults to pathogens that may have been introduced from outside the park by humans
and their domestic pets. Chronic stress or compromised immune systems may have
then increased susceptibility to disease or starvation outside the breeding season. It
must also be remembered that MARK can not separate death from permanent
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emigration, and therefore an explanation that is possibly the most parsimonious is that
individuals that were frequently disturbed by humans (and their pets) on walking trails
emigrated permanently from parks with abundant trails. Regardless of whether the
lower apparent survival was attributable to death or dispersal, our results are consistent
with the hypothesis that extensive trail systems were associated with low adult return
rate and reduced population growth rate.
We are unaware of any studies that have investigated the relationship between
trails and SA, and the literature on the reproductive benefits of nesting near trails is
mixed. While several studies suggest increased likelihood of nest failure for species
that nested near trails (Miller et al. 1998), other studies have shown reproductive
benefits for birds that placed nests near trails (Boag et al. 1984, Miller and Hobbs
2000, Bartos Smith et al. in press; Chapter 3). In Portland, we have found that older
females tend to nest closer to trails (Bartos Smith et al. in press, Chapter 3), and that
feeding rates of young are higher for pairs that nested close to large trails (McKay
2008). Despite these apparent benefits, our sensitivity analysis indicated that towhee
population growth rate is most sensitive to changes in adult survival, and therefore
increased reproductive benefits for pairs in parks with abundant trails is unlikely to
compensate for the increased adult disappearance exhibited by the same pairs. Thus,
urban parks with high trail density may be ecological traps for towhees and other
birds. Trails may in some respects resemble and function like edges, but because of
high disturbance due to human and other traffic, trails may create conditions that
ultimately compromise adult birds.

The basis for the negative association of population growth rate with park area
(detected only after controlling for trail density) seems less obvious, but inspection of
Fig. 2-1 suggests an explanation. Townee habitat preferences lean distinctly toward
shrub and forest edge (Greenlaw 1996), and point count surveys indicated that towhee
abundance across the Portland urban landscape exhibited a second-order polynomial
relationship with P&GS area (Fig. 2-1). Elimination of smallest P&GSs from the
analysis (< 3 ha) yielded a significant negative correlation between towhee abundance
and park area (r = -0.548, p < 0.001) and positive relationship with relative amount of
edge (r = 0.505, p = 0.001; n = 40 for both). Given that towhees tend to prefer edge
habitats, and the existence of a strong inverse relationship between park area and
relative amount of edge habitat (r = -0.928, p « 0.001; n = 40), we suggest that the
negative association of growth rate with park area was principally an effect of a
shortage of preferred edge habitat rather than an effect of area per se. Data presented
elsewhere indicate that towhees nesting farther from habitat edges fledged fewer
young of lower mass (Bartos Smith et al. in press, Chapter 3), and that female
condition was also lower for females that nested farther from edges (Chapter 4), which
suggests that adults with nests located far from edges may have experienced poor
feeding conditions. By extension, smaller parks (up to a point) therefore provide
relatively more high quality habitat.
Our work was conducted in parks at the peak of Spotted Towhee abundance
(Fig. 2-1), yet at least two of these parks were sink populations, suggesting that
abundance does not adequately represent habitat quality for towhees in Portland.
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When we evaluated the relationship between abundance (from point-count data in Fig.
2-1) and demographic measures, we found that abundance was positively (although
non-signiflcantly) correlated with annual productivity (r = 0.916, p = 0.084, n = 4), but
not with survival (r = 0.344, p = 0.656), and therefore the correlation of towhee
abundance with X was non-significant (r = 0.723, p = 0.277). The relationship between
abundance and reproductive productivity suggests that in this system abundance is
partly indicative of habitat quality. But, as we showed, the potential for population
growth depends more on adult survival, a measure that is largely lacking in urban and
other fragmentation studies. We found evidence that recreational trails positively
affected reproductive output (Bartos Smith et al., in press, Chapter 3, McKay 2008),
but that trail density negatively affected SA and X. These contradictory findings
emphasize the need for greater efforts to measure SAUI urban conservation studies.
Without a complete understanding of how ecological factors influence reproduction
and survival, it will be difficult to make good decisions on how to best manage urban
parks and greenspaces.
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Table 2-1. Area, edge, and trail characteristics of each park in this study.
Park

Primary

Secondary Tertiary

(m)

Trails

Trails

Trails

9.0

2056

595

608

113

70

Maricara 9.8

1417

929

365

368

0

WPDX

16.2

2946

0

0

487

1510

SBP

24.1

3566

1064

1863

239

569

Lesser

Area (ha) Perimeter

Footpaths
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Table 2-2. Numbers of Spotted Towhees monitored for survival and productivity in each
park.
Survival Data
Females Males
banded

Productivity Data
Total

banded banded

Pairs in

Pairs in

Pairs in

Total

2004

2005

2006

Pairs

Lesser

17

31

48

8

10

11

29

Maricara

32

40

72

11

16

10

37

WPDX

37

45

82

0

14

12

26

SBP

30

36

66

12

19

15

46
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Table 2-3. Average productivity (total fecundity/2) and adult survival for Spotted
Towhees in four urban parks. Productivity means are of all individual females over
three breeding seasons, and minimum and maximum values are minimum and
maximum observed yearly averages. Adult survival estimates are from the most
supported model in a MARK analysis (see Results), and upper and lower bounds are
95% confidence intervals as estimated in Program MARK.
Productivity

Adult Survival

Park

Mean (SE)

Mia

Max.

Mean (SE)

Low

High

Lesser

1.85(0.212)

L45

237

0.514(0.060)

0.398

0.629

Maricara

1.58(0.165)

1.40

1.82

0.505(0.055)

0.399

0.610

WPDX

1.85(0.144)

1.72

2.00

0.567(0.054)

0.460

0.669

SBP

1.39(0.216)

1.24

1.63

0.512(0.055)

0.405

0.619
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Table 2-4. All models with AQAIC C < 2.00 for M A R K analyses of each park
separately.
Park

Model

QAICC

AQAICC

QAIQ

Model

Weight

Likelihood

QDeviance

<P(.)P(.)

100.562

0.00

0.395

1.000

14.247

<P(sex)P(.)

102.490

1.93

0.150

0.381

13.997

Maricara

9(.)P(.)

119.875

0.00

0.416

1.000

11.750

WPDX

<P(.)P(.)

118.502

0.00

0.317

1.000

12.228

9(sex)P(.)

119.951

1.45

0.154

0.485

11.556

9QP ( .)

116.753

0.00

0.333

1.000

9.892

<P(sex)P(.)

117.243

0.49

0.260

0.783

8.277

Lesser

SBP
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Table 2-5. All models with AQAICC < 2.00 for MARK analyses of all parks combined.
Model

QAICC

AQAICC

QAICC

Model

Weight

Likelihood

QDeviance

cp(.)P(.)

488.784

61)0

0251

1.000

53.522

9(sex)P(.)

489.582

0.80

0.169

0.671

52.289

<P(wpdx)P(.)

489.981

1.20

0.114

0.55

52.689

<P(Parksize)P(.)

490.553

1.77

0.104

0.413

53.261
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Figure Legends

Fig. 2-1. Variation in the abundance of Spotted Towhees in 47 parks and greenspaces
(P&GS) in Portland, OR, in relation to P&GS area. Data were based on two
10-min point counts collected in May and June 2003 from 2 to 10 points/park
(dependent on park area) for all singing males located within a 50 m radius of
the census point. Solid black points identify the four parks included in this
study.

Fig. 2-2. Plot of the relationship between population growth rate of Spotted Towhees
and the density of all recreational trails for larger parks (squares, black line)
and smaller parks (circles, grey line).

Fig. 2-3. Plot of the relationship between apparent adult survival of Spotted Towhees
(from program MARK) and the density of all trails (primary through footpath).

Fig. 2-4. Results of sensitivity analysis evaluating the response of A, to variation in SA^
SJ, and productivity.
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Fig. 2-2.
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Fig. 2-3.
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Fig. 2-4.
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CHAPTER THREE
EDGES, TRAILS, AND REPRODUCTIVE PERFORMANCE OF SPOTTED TOWHEES
IN URBAN GREENSPACES

ABSTRACT

We studied Spotted Towhees (Pipilo maculatus) breeding in two medium (~10
ha) and two large (~20 ha) urban forest fragments for three breeding seasons and
investigated whether there was any difference in nest success, timing of breeding,
clutch size, number of fledglings, or nestling condition between parks of different
sizes, or among birds nesting at different distances from recreational trails and habitat
edges. We did not find any evidence for improved reproductive performance in larger
parks, and instead found greater fledgling production for medium-sized parks. The
highest nest success in all parks occurred among after-second year (ASY) females
who nested within 10 m of recreational trails. We also found that the earliest breeding
females nested both near trails and near edges. Additionally, while the probability of
whole nest success was independent of distance from habitat edge, nests near edges
fledged significantly more offspring, were less likely to suffer partial brood losses, and
nestlings near neighborhood and road edges were significantly heavier than those in
the park interior. This may reflect a greater abundance of food resources for Spotted
Towhees nesting near edges. Nestling hematocrit was lower near edges, however, and
this could indicate that while anthropogenic food sources are abundant near edges,
these food sources may be of poor quality. This study emphasizes the importance of
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both predation and food abundance as factors that influence avian reproductive
success in urban areas. We recommend that similar studies investigating multiple
components of reproductive performance be undertaken in urban areas because other
species may not exhibit the same patterns as the Spotted Towhee.

INTRODUCTION

The area covered by urban habitats has increased rapidly over the past century,
and over half of the United States population now resides in cities (Marzluff et al.
2001a). Despite the expansion of urban landscapes, we remain largely ignorant of
whether or not birds or other organisms can maintain viable populations in these
heavily disturbed environments. Urban habitats may present unique ecological
challenges for native biota, and understanding specifically how urban fragmentation
affects the ability of birds to reproduce successfully is a question of much concern
(Marzluff etal. 2001a).
Urban breeding birds ultimately face the same challenges as their counterparts
from more natural areas. Adults must acquire sufficient food to produce eggs and feed
young, and they must do this without attracting the attention of nest predators. Nest
predation accounts for the majority of nest failures in relatively natural areas (Ricklefs
1969, Martin 1993), but whether nest predation increases or decreases with increasing
urbanization is still unclear, as studies have yielded conflicting results (Gering and
Blair 1999, Matthews et al. 1999, Jokimaki and Huhta 2000, Thorington and Bowman
2003). However, nearly all such studies used artificial nests, and recent evidence
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suggests that predation on artificial nests differs from predation on real nests in an
unpredictable manner (Moore and Robinson 2004). Predator communities in urban
environments may be disturbed because of the loss of large mammalian predators
(such as coyotes [Canis latrans]), resulting in the release of generalist, small- to
medium-sized predators such as raccoons {Procyon lotor) and other small mammals
that frequently depredate nests (the mesopredator release hypothesis; Crooks and
Soule 1999). In addition, burgeoning corvid populations in urban spaces (Marzluff et
al. 2001b) possibly create additional problems for nesting birds. Lastly, domestic pets
may generate a new and important cause of mortality for nestling and juvenile birds
(Baker et al. 2005).
Fragmentation may also lower arthropod food supplies in non-urban (Burke
and Nol 2000, Zanette et al. 2000, Doherty and Grubb 2002) and urban forest
fragments (Bolger et al. 2000). Despite the potential for an increased food supply in
the form of anthropogenic food sources (Partecke et al. 2006), resources may be
patchy and a lack of high quality food sources could lead to food limitation for birds
nesting in urban areas (Shawkey et al. 2004, Mennechez and Clergeau 2006).
Additionally, because urban bird population densities may be especially high,
competition for food in urban areas may be exacerbated (Shochat 2004). Food
limitation induces stress on breeding birds (Clinchy et al. 2004), which may negatively
influence clutch size, rates of brood losses, nest survival, and annual productivity
(Zanette et al. 2003, Zanette et al. 2006). Additionally, low food availability and high
predator density can act in a negative synergistic manner on nest success (Zanette et
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al. 2003, Clinchy et al. 2004, Zanette et al. 2006), and urban forest fragments may be
particularly prone to this phenomenon.
Birds nesting in small forest fragments in both urban and non-urban areas may
have a lower reproductive success than those in larger, more intact areas (Andren
1992,1995). One potential reason for low reproductive success in small fragments is
the oft described "edge effect" (Yahner 1988). Smaller habitat fragments have
proportionally more edge habitat, and consequently less interior core habitat (Saunders
et al. 1991). Mammalian and avian nest predator abundances are thought to increase
along habitat edges (Donovan et al. 1997, Heske et al. 1999, Bolger 2002), and in
urban areas, this may be especially important due to the ability of certain predators
(e.g. crows, jays, raccoons, domestic cats) to utilize both human-dominated habitats
and natural forest habitats for foraging. Most studies of edge effects in urban areas
have failed to show an association between nest success and proximity to habitat edges
(Matthews et al. 1999, Morrison and Bolger 2002, Patten and Bolger 2003, Thorington
and Bowman 2003), but many such studies used artificial nests and more tests need to
be conducted using natural nests to assess the strength of edge effects in urban areas.
Urban parks exist not only for wildlife and arguments for the preservation of
greenspaces in urbanizing regions are often based on the recreational benefits to
humans. The use of parks by humans is only possible through trail development, but at
what point, if any, do trails begin to adversely affect wildlife? Sinclair et al. (2005)
found that parks with wider trails and an adjacent landscape matrix containing many
buildings supported a higher abundance of mammalian nest predators than parks with
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narrow trails in a less developed matrix. However, an artificial nest experiment
suggested that mammalian predators tended to avoid trails (Miller and Hobbs 2000),
while avian predators tend to have increased activity near recreational trails (Miller
and Hobbs 2000, Hennings 2001). It is also possible that human use of recreational
trails for walking dogs may deter mammalian nest predators because of the latter's
aversion to canine scent near trails (Forman 1995). No clear patterns have emerged
from studies of the effects of trails on nest success (Miller et al. 1998, Miller and
Hobbs 2000, Langston et al. 2007), and the lack of consensus may exist because not
all trails and edges have the same effects on nesting success. If human activity is the
primary factor influencing the probability of nest success near trails, lightly traveled,
small trails may have little influence on nest success compared to larger, heavily used
trails. Similarly, "hard" edges near roads or fields may expose birds to different types
of predators than "soft" edges where parks grade into residential neighborhoods of
various ages.
A shortcoming of nearly all urban fragmentation/edge studies is that they have
largely ignored all aspects of the reproductive biology of birds by focusing only on
nest predation and nest success (i.e. the percentage of nests fledging at least one
offspring). While nest success is obviously important, documentation of variation in
clutch size, fledgling production, and nestling condition can elucidate the factors that
most strongly influence reproductive performance. For example, two sites may have
identical rates of nest success, but food limitation at one site may lead to delayed
breeding, smaller clutch sizes, poorer nestling condition, more frequent nestling
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starvation, and ultimately lower juvenile recruitment. Ignoring multiple components of
reproductive performance may impede researchers from determining the relative
effects of predation and food limitation on population productivity, but to date such
studies are missing for urban breeding birds (but see Morrison and Bolger 2002).
The Spotted Towhee {Pipilo maculatus) is an abundant resident species in the
Pacific Northwest. It is a socially monogamous and sexually dimorphic Passerine that
typically nests on the ground (Greenlaw 1996), and in our region can raise up to three
broods per season (S. Bartos Smith, unpubl. data). Spotted Towhees may be sensitive
to habitat fragmentation because of observations of decreased abundance in fragments
and near developed edges (Bolger et al. 1997, Bolger 2002). Mammals, birds, and
snakes have all been implicated as towhee nest predators (Small 2005), and due to the
prevalence of mammalian and avian predators in urban areas, we hypothesized that
towhee offspring production would be negatively affected by urbanization. Our goal
was to investigate the influence of park size, recreational trails, and habitat edges on
the reproductive performance of the Spotted Towhee in four urban greenspaces in
Portland, Oregon. We hypothesized that Spotted Towhee adults would be more
successful in larger greenspaces and when they nest farther from habitat edges and/or
recreational trails. We tested our hypotheses using data on nest success, timing of
breeding, clutch size, partial brood losses, nestling condition, and fledging success.
We categorized trails and edges to better determine whether certain types of trails (e.g.
primary, secondary, tertiary trails, and footpaths) and edges (e.g. those surrounded by
residential areas, roads, or open fields) affected towhee reproductive performance.
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METHODS

Study sites and field methods
We conducted our study in four greenspaces located in the "West Hills" region
within the city limits of Portland, Oregon, between April and August of 2004, 2005,
and 2006. Minimum and maximum distances between park centerpoints are 1.2 km
and 3.2 km. Maricara and Lesser Parks are both approximately 10 hectares in size
while West Portland Park (18 ha) and Springbrook Park (24 ha) are about double the
area of the smaller parks. All four greenspaces have recreational trails throughout
them. Maricara Park and West Portland Park are surrounded almost entirely by
residential development and neighborhood roads, while Lesser and Springbrook Parks
are surrounded by residential areas, neighborhood roads, open fields, and major
roadways. Although located in highly developed landscapes, we emphasize that the
parks are undeveloped except for the trail systems, and all four sites are characterized
by a closed canopy of mixed coniferous-deciduous forest that is at least 55-60 years
old. All four parks supported a pair of breeding Cooper's Hawks (Accipiter cooperi).
Within each greenspace, we captured territorial adult male towhees in mist nets
using a taxidermic mount and song playback of a conspecific. We captured adult
females during the nestling period by positioning nets around the nest. Captured birds
were banded with an aluminum USFW band and a unique combination of three
colored plastic bands. All adult birds were weighed, and standard morphological
measurements (tarsus, wing chord, bill length, bill width, and tail length) were taken.

We determined the age of each bird (SY or ASY) by the shape of the outer rectrices
and the contrast between the greater and lesser wing coverts (Pyle 1997).
We located nests of color-banded pairs in all four greenspaces in 2005 and
2006, and in three of the four (all but West Portland Park) in 2004. Additionally, in
2004 we banded adults and monitored nests only within a subplot of Springbrook Park
(the northern half of the park), while in subsequent years we studied the entire park.
We checked nests every 2-3 d until the nest failed or fledged young. When nestlings
were 7-10 d old, we banded them with a USFW band and three color bands, weighed
them, measured their right and left tarsi, and took a small (25-50 ul) blood sample
from each nestling. In 2005 and 2006, we spun the blood in a capillary tube in a
centrifuge at 11,700 rpm for 5 min to measure hematocrit. Hematocrit was measured
as the proportion of the total blood volume that was made up of packed red blood
cells, and it is generally thought that a high hematocrit is indicative of good body
condition (Merila and Svensson 1995, Svensson and Merila 1996)

Nest sites: Proximity to edges and trails
In 2004, we determined distances to the nearest edge and trail manually by
using sonic distance measurers to measure the distance between one observer standing
at the nest and another standing at the nearest edge or trail. In 2005 and 2006, we
collected data on nest location using a Trimble GeoXT GPS receiver equipped with
Terrasync software. In 2005 we also mapped all trail systems within the greenspaces
using the same GPS unit. We collected nest location data using at least 30 readings at

three-second intervals and trail data were collected using one-second intervals with at
least four satellites and a position dilution of precision (PDOP) no greater than six.
The standard storage format files were differentially corrected from base stations no
further than 70 km from the research sites and exported as shapefiles (Pathfinder
software version 3.0). Total estimated accuracies for the differential corrections were
39% within 0.5-1 m, 51% within 1-2 m, and 10% within 2-5 m. All trail and nest
shapefiles were reprojected in ArcGIS 9.1 to Lambert Conformal Conic, using the
North American Datum 1983 (NAD83), and the High Accuracy Reference Network
(HARN) Oregon State Plane North geographic coordinate system. Using the "near"
tool, we calculated distances from nests to trail and to edge. The habitat edge data
layer was obtained from Lichti et al. (unpubl. data) who took publicly accessible parks
layers and expanded the parks' effective boundaries by including any area contiguous
with the greenspace with canopy cover beneath which less than 5% of the ground
surface was developed (i.e. buildings, paved roads, etc.).
We view Maricara and Lesser Parks as representative of medium-sized parks
for the Portland metropolitan area. West Portland and Springbrook Parks fall into the
lower size range of large parks in our system, therefore for statistical purposes we
treated the two smaller and two larger parks separately. Within all four parks, we
classified the distance of each nest to the habitat edge in two ways. First, we used five
distance-to-edge categories (Weldon and Haddad 2005) which assume that edge
effects occur within 50 m of the edge (see Batary and Baldi 2004 for justification): 1 =
0-12.5 m, 2 = 12.6-25 m, 3 = 25.1-37.5 m, 4 = 37.6-50 m, and 5 > 50 m. We refer to
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this breakdown as Edge Class 1. Second, we categorized nests into six distance-toedge categories assuming that edge effects can persist to 100 m from the edge (Edge
Class 2): 1 = 0-20 m, 2 = 20.1-40 m, 3 = 40.1-60 m, 4 = 60.1-80 m, 5 = 80.1-100 m,
and 6 > 100 m. Measurements for nests in 2004 that were > 50 m from the edge were
listed as such, therefore we did not have the necessary data to include these nests in
Edge Class 2. In our results, we present data only from Edge Class 1, unless there was
a qualitative difference in the results obtained from the two edge classification
schemes. We also classified each nest into one of four distance-to-trail categories
(Trail Class): 1 = 0-10 m, 2 = 10.1-20 m, 3 = 20.1-30 m, 4 > 30 m. Nests within 30 m
of a trail were categorized according to the type of trail they were near (1 = primary, 2
= secondary, 3 = tertiary, 4 = footpath), and those greater than 30 m from a trail were
classified as "5" (no trail). Trail categories were determined by trail width (primary >
1 m, secondary = 0.5-0.9 m, tertiary = 0.1-0.4 m, and footpath < 0.1 m). Nests within
50 m of a habitat edge were similarly categorized according to the type of edge they
were near (1 = road, 2 = residential, 3 = open space), and those greater than 50 m from
an edge were classified as "4" (interior). We did not find any nests that bordered major
roadways, so all nests classified as near roads were near edges that were bordered by
lightly traveled small neighborhood roads.

Statistical Analyses
We considered a nest "successful" when at least one offspring fledged. We
excluded abandoned nests (n = 12) from all analyses because the cause of
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abandonment (human or predator induced) could not be determined. Nest success was
treated as a binary variable with a value of either 0 (successful) or 1 (unsuccessful).
Daily nest mortality rate was calculated using the Mayfield Logistic Regression
method (Hazier 2004), with year, female age, date of clutch completion, park size,
distance to trail, distance to edge, and an interaction term (trail x edge) included as
independent variables. We performed stepwise removal of the most non-significant
variable until we arrived at the factor(s) which was(were) the most important
predictor(s) of nest success.
We included female age as a factor in all analyses because ASY females often
have higher reproductive success than do SY females (Perrins and McCleery 1985,
Lessels and Krebs 1989). However, to determine if there was any age class difference
in habitat use (estimated by nest placement), we compared distance to edge and trail
between ASY and SY females using ANOVA. We included year in the model to
account for possible annual variation. Each female was represented only once in these
analyses as we used only first nests of the year and randomly chose one year for any
female who was present in multiple years.
We pooled all three years for analyses of timing of breeding, clutch size,
fledging success, nestling mass and hematocrit because none varied among years
(ANOVA, all p > 0.05). Stepwise linear regressions with forward selection were used
with female age, date of clutch completion, park size, Trail Class, and either Edge
Class 1 or Edge Class 2 as independent variables. We evaluated whether the
probability of partial brood losses (i.e. losses of nestlings that did not result in total
53

nest failure) varied with park size, Edge Class, or Trail Class using logistic regression,
and included female age, year, and date of clutch completion to remove any effects of
these variables. To avoid pseudoreplication, we included only a female's first nesting
attempt of the year in all analyses of reproductive performance. As before, we
randomly chose one year for females with multiple years of data.
Timing of breeding was determined as the nest's clutch completion date (1
April = day 1). We used clutch completion date rather than the more commonly used
clutch initiation date because we observed high rates of partial brood losses (>30% of
nests, S. Bartos Smith, unpubl. data), thus we could not be sure of the clutch size for
nests found during the nestling period. Additionally, since 95% of the nests for which
we do have clutch size data had 3 and 4 egg clutches (S. Bartos Smith, unpubl. data),
clutches completed on a specific day were unlikely to vary in clutch initiation date by
greater than 1 day. For this analysis, we only included first nesting attempts because
we were primarily interested in any differences in the start of the breeding season. We
also limited our analysis to nests with a clutch completion date prior to 11 May (day
41) to eliminate the possibility of including a large number of replacement nests.
Clutch size (i.e. number of eggs laid) was based on nests found no later than the
incubation period. We defined fledging success as the number of offspring that
fledged from each nest. We conducted the fledging success analyses twice, once
including unsuccessful and successful nests, and once including only successful nests.
We estimated nestling condition as the average mass and the average hematocrit of
nestlings within a nest. For multiple linear regressions of the two indices of nestling
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condition, we included nestling age as a predictor variable to eliminate the effects of
increased mass and hematocrit with nestling age.
To evaluate whether different edge or trail types influenced any of the
reproductive success variables described above, we conducted ANOVA with edge
type, trail type, year, date of clutch completion, and female age as source variables.
Since both nestling mass and hematocrit increased with age, we eliminated age effects
by using the residuals from the regression of nestling mass and hematocrit on nestling
age. A posteriori comparisons of variables that differed significantly were made using
Tukey's test. All analyses were done in Statistix 8.0, and unless stated otherwise, we
used P < 0.05 to establish statistical significance.

RESULTS

Nest success
We found 69,137, and 123 nests in 2004,2005, and 2006 respectively (151 in
medium parks, and 178 in large parks), and monitored them for 3500 observation
days. Apparent nest success was 46%, and the primary cause of nest failure was
predation (90%), followed by nestling starvation (7%), and flooding during periods of
heavy rain (3%). We did not observe any parasitism by Brown-headed Cowbirds
(Molothrus ater). Mayfield logistic regression of all nests yielded a daily survival
probability of 0.966 (P = 3.35, SE = 0.10, n = 329). Assuming 26 d in the nesting cycle
(based on the average lengths of the laying, incubation, and nestling periods observed
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for our population), this translates into a percent nest success of 41% (95% confidence
interval = 37% to 44%).
Using Mayfield logistic regression with stepwise removal of non-significant
variables, we determined that the best predictor of nest success was distance to
recreational trail, with nests near trails being significantly more likely to fledge young
than nests farther from trails (p = -0.19, SE = 0.08, n = 328, p = 0.02). With distance to
trail in the model, probability of nest success was independent of year (p = 0.22),
female age (p = 0.72), date of clutch completion (p = 0.15), Edge Class (p = 0.33),
park size (p = 0.44), and trail x edge interaction (p = 0.96). We found no difference
between SY and ASY females in distance of nest to edge (Fi(no - 0.8, p = 0.39), or in
park size (F^no = 1.6, p = 0.21) but ASY females nested significantly closer to trails
than SY females (Fyo9 = 4.5, p = 0.04). We therefore ran separate Mayfield logistic
regressions for SY and ASY females and found that the trail effect existed among
ASY females (P = -0.28, SE = 0.09, n = 225, p < 0.01), but not SY females ((3 = -0.05,
SE = 0.10, n = 169, p = 0.59). Removal of'Trail Class 1" (0-10 m from trail) nests
from the ASY analysis resulted in no relationship between distance to trail and nest
success (p = -0.15, SE = 0.17, n = 112, p = 0.36), suggesting that improved nest
success near trails existed only for ASY females who nested within 10 m of a trail.

Nesting biology
Stepwise regression analysis of timing of breeding demonstrated that the start
of egg laying was significantly earlier for nests near both trails and edges (using Edge

Class 1; Table 3-1), and after controlling for distance to edge and trail, breeding date
was independent of park size (partial correlation (rp) = -0.07, p = 0.55) and female age
(rp = -0.12, p = 0.30). When using Edge Class 2, we found that the pattern of earlier
breeding near edges became a non-significant trend (r = 0.22, n = 66, p = 0.07), and
there was no longer any effect of proximity to trails on the timing of breeding (r =
0.17, p = 0.16). Clutch size did not vary with date of clutch completion (r = -0.09, p =
0.50), female age (r = 0.01, p = 0.94), park size (r = -0.11, p = 0.41) distance to trail (r
= -0.06, p = 0.65), or Edge Class (r = -0.09, p = 0.49, n = 57 for all).
Stepwise linear regression of the number of fledglings per nest (including both
successful and unsuccessful nests) revealed that significantly more fledglings were
produced from nests located in medium-sized parks, and in nests near habitat edges
(using Edge Class 1; Table 3-1), and after removing park size and edge effects,
fledgling production did not vary with date of clutch completion (rp = -0.04, p = 0.66),
female age (rP = -0.12, p = 0.24), or Trail Class (rP = -0.12, p = 0.22). Repeating this
analysis using Edge Class 2 resulted in an even stronger relationship between distance
to habitat edge and fledgling production (p = -0.25, SE = 0.09, n = 90, p < 0.01, Model
R2adj = 0.07), however the relationship between park size and fledgling production
became a non-significant trend (rp = -0.19, p = 0.07). When we analyzed fledgling
production of only successful nests, the number of fledglings in a female's first nest
was greater in medium than in large parks (P = -0.43, SE = 0.21, n = 84, p = 0.04,
Model R adj - 0.04), but fledgling production did not vary with clutch completion date
(rP = -0.02, p = 0.86), female age (rP = -0.08, p = 0.46), distance to trail (rP = -0.04, p =
57

0.70), or Edge Class 1 (rp = -0.09, p = 0.42). No relationship existed between fledging
success and park size with Edge Class 2 in the model (r = -0.19, n = 74, p = 0.10).
Despite the absence of an effect of distance to edge on fledging success of successful
nests, our analysis of the probability of partial brood losses for successful nests
showed that the loss of eggs or nestlings became more frequent as distance from edge
increased (n = 80; Table 3-2). This result was identical when we used Edge Class 2 (|3
= 1.01, SE = 0.60, n = 70, p < 0.01), and remained significant when the non-significant
variables were removed from the analysis (Edge Class 1: J3 = 0.37, SE = 0.18, n = 80, p
= 0.04).
Average nestling mass was significantly greater for nests located near habitat
edges (Table 3-3), but did not vary with park size (rp = -0.08, p = 0.45), or with
distance to trail (rp = -0.15, p = 0.17). Older and earlier breeding females also
produced heavier young (Table 3-3). The relationship between nestling mass and
proximity to habitat edge became even stronger when we used Edge Class 2 in place
of Edge Class 1 (Table 3-3), however the relationship between nestling mass and date
of clutch completion become non-significant (rp = -0.20, p = 0.09). Average nestling
hematocrit varied with only distance to edge. Contrary to previous results, hematocrit
of nestlings was lowest in edge nests (Table 3-3). There was no relationship between
nestling hematocrit and date of clutch completion (rp = -0.12, p = 0.35), female age (rp
= 0.01, p = 0.96), park size (rP = -0.06, p = 0.64), or Trail Class (rP = 0.17, p = 0.21).
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Edge and trail types
Clutch size and nestling hematocrit were independent of trail type (clutch size:
F4)56 = 1.4, p = 0.30; hematocrit: F4,6i = 1.3, p = 0.34) and edge type (clutch size: F3,56
= 1.0, p = 0.40; hematocrit: F3,6i = 0.4, p = 0.75). Similarly, there was no effect of trail
type on timing of breeding, nestling mass, or number of fledglings (Table 3-4), but
timing of breeding, nestling mass, and number of fledglings all varied with edge type
(Table 3-4). Pairwise comparisons (Fig. 3-1) revealed that nests within 50 m of
neighborhood roads had a significantly earlier start date (mean = 16 April, SE = 2.9 d,
n = 7) than nests within 50 m of residential homes (mean = 25 April, SE = 1.4 d, n =
30), open spaces (mean = 27 April, SE = 3.1 d, n = 6), and interior nests (mean = 29
April, SE = 1.3 d, n = 32). Nests located in the park interior fledged significantly fewer
young (mean = 1.6, SE = 0.2, n = 45) than nests in all edge types (road: mean = 3.5, SE
= 0.4, n = 10; residential: mean = 2.5, SE = 0.2, n = 38; and open space: mean = 3.6, SE
= 0.5, n = 9; Fig. 3-1). The relationship between fledgling production and edge type
became non-significant when failed nests were omitted from the analysis (F3,83 = 2.4,
p = 0.09) indicating that the positive effect of proximity to edge was the combined
result of lower whole and partial nest losses near edges. Finally, residual mass
(corrected for age) of nestlings in nests within 50 m of neighborhood roads (mean =
2.0, SE = 0.7 g, n = 9; Fig. 3-1) and residential edges (mean = 1.7, SE = 0.4 g, n = 37)
was significantly greater than that of young from nests located within 50 m of either
open space (mean = -1.8, SE = 0.8 g, n = 7) or in the park's interior (mean = -0.7, SE =
0.4 g, n = 34; Fig. 3-2).
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DISCUSSION

Park size
Timing of breeding and clutch size did not vary with park size, and contrary to
our expectations, we found no evidence for higher reproductive success in larger
parks. If anything, the trend for first nests of the season was for a greater number of
fledglings/nest in small parks, but whether this translates into season-long differences
in productivity between parks of different sizes is unclear. We also acknowledge that
high productivity may not be characteristic of smaller habitat fragments (2-3 ha), but
our limited data from greenspaces in this size range suggests that towhee productivity
does not decline in parks under 10 ha in area (S. Bartos Smith, unpubl. data). Previous
work on Spotted Towhee nest success across a fragmentation gradient in urban
Southern California found higher nest success in small fragments, and this was
attributed to a lack of snakes in small fragments (the primary predator of towhee nests
in that system; Patten and Bolger 2003). Daily nest survival in our study was high
(0.966 = 41% nest success) compared to work near Sacramento, California (0.928 =
14% nest success assuming a 26 d nesting cycle; Small 2005). Snakes are very
uncommon in Portland's greenspaces, and their rarity may contribute to the high nest
success rates that we recorded. Additionally, Brown-headed Cowbirds do not
contribute to nest mortality in our population, whereas they were a major source of
nest mortality in California (Small 2005). Alternatively, the high nest success we
recorded could be due to a lower abundance of nest predators in urban areas (Shochat
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2004). This has been observed for urban desert habitats (Shochat 2004), but the
generality of this pattern for other regions has not yet been established.

Recreational trails
Regardless of park size, ASY female Spotted Towhees that nested within 10m
of recreational trails exhibited the highest nest success. We are unsure why this benefit
applied only to ASY females, but SY females may be more prone to human
disturbance, and as a consequence, exhibit lower nest attendance. Frequent departures
from nests might also alert predators to nest locations. That two artificial nest studies
also found higher nest success near trails (Boag et al. 1984, Miller and Hobbs 2000)
suggests that this pattern may exist in the absence of parental behavior. Nest success
may be high near trails, particularly for ground nesting birds, because some
mammalian predators may avoid trails (Boag et al. 1984, Forman 1995, Miller and
Hobbs 2000). However, improved prospects of nest success near trails may not apply
to species whose primary nest predators are birds because others (Miller et al. 1998,
Miller and Hobbs 2000, Hennings 2001) have suggested that avian nest predators
often show increased activity near recreational trails. Furthermore, above-ground
nesting birds may be especially susceptible to nest predation by avian predators
(Soderstrom et al. 1998, Yahner and Scott 1998), and in fact, Miller et al. (1998)
found nest success to be lower near trails for a number of forest breeding bird species
including several Neotropical migrants.
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We also found weak evidence that nesting near trails was associated with early
breeding, and this may lead to an extended breeding season for females who initiated
first nests near trails. It is possible that earlier nesting occurs near trails because trails
may provide earlier foraging opportunities for ground foraging birds. Despite this, any
potentially improved food resources afforded by trails did not result in larger clutch
sizes or better condition of nestling birds. Additionally, we did not find that successful
nests near trails fledged more young than nests far from trails. Therefore, our results
suggest that the primary benefit of nesting near trails was decreased probability of nest
predation for ASY females.
We did not find an effect of trail type (based on trail width) on any indicator
of reproductive success. We assumed that trail width was an indicator of how often
trails were used by humans, but because we did not quantify actual trail use, we could
not determine whether human activity per se had an influence on avian reproduction.
It has been suggested that this may be the case, as species nesting in areas frequented
by humans have been found to experience lower levels of predation (Tomialojc and
Profus 1977, Osborne and Osborne 1980, but see Langston et al. 2007), but at this
juncture, far more data are needed before we can consider our results to be generally
applicable to other species.

Habitat edges
Nest success did not vary with distance from habitat edge, suggesting that
predation rate was equally likely at all distances from edge. This is contrary to recent
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conclusions based on a meta-analysis of nest success studies which demonstrated
strong negative effects of nesting within 50 m of habitat edges (Batary and Baldi
2004). However, the latter analysis did not include any urban studies, some of which
also found no relationship between nest success and distance to edge (Matthews et al.
1999, Morrison and Bolger 2002, Patten and Bolger 2003, Thorington and Bowman
2003). Despite finding no difference in daily nest survival rates between nests near
edges and nests in the interior, nests near edges fledged significantly more offspring
than nests in the park interior. However, this result only held when we included both
successful and unsuccessful nests in the analysis, suggesting that the combination of
partial and complete nest loss was lowest near edges. Our finding that partial brood
loss was more likely in interior nests is consistent with this interpretation, and
probably contributes to the greater fledgling production near edges.
While daily nest survival rates near edges were similar to those in the interior,
the earlier breeding, heavier nestlings, and lower incidence of partial brood loss
among edge nests suggests an advantage to nesting near edges that is associated with
greater food availability. Towhees are omnivorous and this may allow them to utilize
anthropogenic food sources such as seed from bird feeders, as well as the increased
quantities of seeds and berries that are often associated with the structurally complex
vegetation in edge habitats (Thompson and Willson 1978, Strelke and Dickson 1980).
The benefits we found for towhees nesting near habitat edges are all consistent with
the idea that food resources in these urban edge habitats are more abundant than those
found in the habitat interior.
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Edges are generally associated with negative effects (Gates and Gysel 1978,
Andren and Angelstam 1998) and it has become somewhat axiomatic to assume that
edge effects persist roughly 50 m into the interior (Paton 1994, Batary and Baldi
2004). However, we did not find any negative edge effects for towhees, but instead,
we found positive edge effects and that edge effects can persist beyond 50 m from the
edge. When we doubled the width of edge categories to evaluate effects up to 100 m
from the edge, several variables (e.g. nestling mass) showed stronger associations with
distance from edges. Positive edge effects may persist farther from the edge because
of the ability of birds to opportunistically visit habitat edges for foraging opportunities
regardless of where their nest may be placed. Whatever the reason, a 50 m wide zone
may be too narrow to capture all edge effects (e.g. Hoover et al. 2006).
Nests near all types of edges fledged more offspring than interior nests,
indicating that the reduced probability of nest predation near edges persisted
regardless of the edge type. However, the occurrence of heavier nestlings near habitat
edges seemed to be most pronounced for edges that bordered residential
neighborhoods and their lightly traveled roads. Some landowner activities in
residential developments, including bird feeding and natural landscaping, have the
potential to positively influence birds (Lepczyk et al. 2004). The residential
developments surrounding the greenspaces in our study were primarily single family
homes, and many of these have bird feeders. Towhees are regular visitors to feeders
(S. Bartos Smith, pers. obs.) and reproductive success may have been enhanced by the
use of supplemental food sources. Many, possibly most, passerine species do not

utilize anthropogenic food sources and therefore our results may apply to only a subset
of species.
Nevertheless, we found low nestling hematocrit values near edges, and while
the utility of hematocrit measurements as indicators of condition has been questioned
(Dawson and Bortolotti 1997), high hematocrit is generally thought to indicate good
body condition (Merila and Svensson 1995, Svensson and Merila 1996). Lower
nestling hematocrit values near edges suggest that nesting near edges is not cost free.
The exact nature of the costs is unknown, but if edge-nesting towhees supplement
their offspring's diet with anthropogenic food sources (seeds), the latter may not be of
the same quality as natural foods (arthropods). Anthropogenic foods have been found
to reduce avian reproductive success (Annett and Pierotti 1999, Shawkey et al. 2004),
often because they are substandard foods for rapidly developing young (Shawkey et al.
2004, Sauter et al. 2006). Adult towhees do sometimes deliver birdseed to nestlings (J.
E. McKay, unpubl. data), thus nestlings near edges may eat abundant "junk food" that
allows them to bulk up but at a lower overall condition. Similarities between
productivity of successful nests at edges and nests in the interior indicate that
hematocrit and nesting success were not associated, but the question that remains to be
answered is whether the factors underlying the hematocrit differences could affect the
probability of subsequent recruitment.
We did not compare seasonal productivity of edge-nesting and interior-nesting
females, in part because females did not consistently nest near edges or in the interior
for the entire breeding season. However, we suspect that all else being equal, the
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greater number of fledglings for edge-nesting females, even if only for a single nest
during the breeding season, is likely to result in increased seasonal fecundity.
Morrison and Bolger (2002) did not find a difference in seasonal productivity between
edge- and interior-breeding Rufous-crowned Sparrows {Aimophila ruficeps) because
snake predation of eggs and young was high at all distances from the edge. Our study
suggests that differences in patterns of predation are not the only cause of increased
reproductive success near edges for Spotted Towhees: edge effects may also be related
to differences in food availability.
An additional consideration is that while overall fledging success was higher
near habitat edges, it is possible that fledglings from edge nests suffer a higher postfledging mortality than fledglings from interior nests. Domestic cat abundances tend to
be highest near houses (Crooks and Soule 1999, Odell and Knight 2001), so it is
possible that the risk of predation by domestic cats would be highest near habitat
edges, particularly those bordering neighborhoods. While domestic cats may not be
major predators at nests (Haskell et al. 2001), they may be significant predators of
juvenile birds (Baker et al. 2005). Spotted Towhees leave the nest well before they are
able to fly (Baumann 1959, S. Bartos Smith pers. obs.) and may be easy prey for
domestic cats and other mammals in their first few days out of the nest. If this is the
case, edges may be ecological traps (Gates and Gysel 1978) such that the perceived
increase in fledgling production is eliminated by high levels of post-fledgling
mortality. Much more work is needed to determine rates of post-fledgling mortality in
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urban areas and to evaluate whether such mortality is influenced by habitat features
such as trails and edges.
Few studies in urban environments have investigated whether habitat edges
and recreational trails affect aspects of reproductive performance other than nest
success. While predation may be the main cause of nest failure for many species, we
have shown that other factors, probably food availability, may influence the
reproductive success of birds. More studies are needed to determine how predation
risk and food availability are affected by urbanization, and how these factors
cumulatively influence avian reproductive success in urban areas. Additionally, by
determining whether different types of edges and trails affect birds in different ways,
we may gain a better mechanistic understanding of the specific features of trails and
edges that influence the reproductive success of birds in urban settings, and in so
doing, provide better guidelines for management and maintenance of bird populations
in urban greenspaces.
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Table 3-1. Results of stepwise linear regressions of timing of breeding and
number of fledglings for Spotted Towhees in Portland, OR
Variable

Coefficient

SE

p

Date CCa

Trail Class

L82

086

6T04

(n = 75)

Edge Class 1

1.73

0.72

0.02

Fledglings

Edge Class 1

-0.20

0.09

0.03

(n=102)

Park Size

-0.54

0.25

0.03

Model R

a

0.07

0.06

Note: aDate CC = date of clutch completion for first nests.
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Table 3-2. Results of multiple logistic regression of the probability of partial brood
losses for towhees in Portland, OR
Coefficient

SE

P

Edge Class 1

0.60

0.23

<0.01

Trail Class

0.14

0.27

0.61

Park Size

0.83

0.83

0.12

Date CCa

0.01

0.01

0.56

Female Age

-0.39

0.52

0.46

Year

0.23

0.35

0.51

Variable

Note: aDate CC = date of clutch completion for first nests.

Table 3-3. Results of stepwise linear regressions of nestling mass and hematocrit for
Spotted Towhees in Portland, OR
Variable

Coefficient

SE

P

Model Rzadj

0.15

Nestling Mass3

Nestling Age

1.12

0.41

<0.01

(n = 87)

Female Age

1.31

0.55

0.02

Date CC

-0.03

0.01

0.05

Edge Class 1

-0.45

0.19

0.02

Nestling Mass

Nestling Age

0.99

0.46

0.03

(n = 77)

Female Age

1.46

0.58

0.01

Edge Class 2

-0.69

0.21

0.001

Nestling Age

0.03

0.01

<0.01

Edge Class 1

0.01

0.00

0.05

Nestling

0.18

0.13

Hematocrit3
(n = 62)

Note: aAnalysis done with Edge Class 1 (largest distance to edge category > 50 m),
b

Analysis done with Edge Class 2 (largest distance to edge category > 100 m).
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Table 3-4. Results of ANOVA of the effect of trail and edge types on the timing of
breeding, nestling mass, and number of fledglings.
DateofCC a

Mass b

Fledglingsc

Variable

df

F

p

df

F

p

df

F

p

Year

2

2^5

O09

2

7?7

<0.01

2

2.2

0.12

Female Age

1

1.3

0.26

1

6.7

0.02

1

0.6

0.43

DateCC

-

-

--

51

1.4

0.19

54

0.7

0.93

Trail Type

4

1.2

0.33

4

1.5

0.22

4

0.8

0.56

Edge Type

3

5.5

<0.01

3

3.0

0.05

3

3.1

0.04

Error

64

25

37

Total

74

86

101

Notes: aDate CC = date of clutch completion for first nests. Residuals of the
regression of nestling mass on nestling age were used in this analysis, cNumber of
fledglings produced including both successful and unsuccessful nests.

71

FIGURE LEGENDS

Fig. 3-1. Mean date of clutch completion for first nests for each edge type (top) and
mean number of fledglings for first nests for each edge type (bottom). Error bars are ±
1 SE. Edge types are as labeled: "road" = small residential roads, "res." = residential,
and "open" = open space, "interior" indicates nests which were >50 m from edge. Bars
with different uppercase letters differ significantly from one another (Tukey post-hoc
test).

Fig. 3-2. Mean residual nestling mass for first nests for each edge type. Error bars are
± 1 SE. Edge types are as in Fig. 1. Bars with different uppercase letters differ
significantly from one another (Tukeypost-hoc test).
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CHAPTER FOUR
SPATIAL PATTERNS OF EXTRA-PAIR PATERNITY FOR SPOTTED TOWHEES
IN URBAN PARKS

ABSTRACT

Food resources may influence the extra-pair (EP) mating system of birds such
that nutritionally stressed females are unable to pursue EP paternity (the constrained
female hypothesis), or that females on poor quality territories acquire EP copulations
during extra-territorial forays in search of food (the mating opportunity hypothesis).
We previously found evidence that reproductive success and nestling quality of
Spotted Towhees (Pipilo maculatus) was greatest for edge-nesting pairs most likely
due to increased food abundance (Chapter 3). We therefore sought to determine
whether distance to habitat edge (DTE) influenced either the probability of EP
paternity or the proportion of EP young within a nest. In support of the constrained
female hypothesis, we found high proportions of EP young for (presumably) high
quality females with long tails, and high probabilities of EP paternity in nests near
edges where female condition was highest. However, in support of the mating
opportunity hypothesis, we found high probabilities of EP paternity for nests in the
interior and that the proportion of EP young in broods was highest at intermediate
distances from the habitat edge. Contrary to predictions of the constrained female
hypothesis, we also found that second-year females had higher proportions of EP
young than after-second year females, different nesting attempts by individual females
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exhibited a higher proportion of young in broods when they nested away from edges,
and that within-pair (WP) and EP young were of equal quality. We propose that the
high probability of EP paternity near edges was unrelated to female quality, but rather
that the presence of anthropogenic food sources attracted individuals and increased
chance encounters between potential EP mates. Our evidence thus suggests that
ecological factors, most likely food, influence avian mating systems and that
anthropogenically altered environments can have substantial affects on EP mating
behavior.

INTRODUCTION

Extra-pair (EP) paternity occurs commonly but in highly variable frequencies
in socially monogamous passerines (Griffith et al. 2002). On an intraspecific level,
mounting evidence suggests that the frequency of EP paternity often varies among
populations (reviewed in Petrie and Kempenaers 1998), among years in the same
population (Langefors et al. 1998, Johnsen and Lifjeld 2003), and that within
populations, individuals vary in their tendency to engage in EP mating behavior
(Westneat and Stewart 2003). Social factors such as breeding synchrony and breeding
density are generally not responsible for intraspecific variation in EP paternity in most
species (Westneat and Sherman 1997, Weatherhead and Yezerinac 1998, Westneat
and Stewart 2003), and recent attention has now shifted to investigate the effects of
local ecological factors including food abundance and habitat quality on EP mating
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behavior (Westneat 1994, Gray 1997, Hoi-Leitner et al. 1999, Charmantier and
Blondel 2003, Vaclav et al. 2003, Rubenstein 2007).
Most agree that females are in control of whether or not most EP copulations
occur (Petrie and Kempenaers 1998, Double and Cockburn 2000, Westneat and
Stewart 2003, Forstmeier 2004), and whether a female participates is likely to be
determined by the perceived costs and benefits of EP fertilizations (Petrie and
Kempenaers 1998, Griffith et al. 2002, Westneat and Stewart 2003). The leading
hypothesis to explain why females seek EP fertilizations is that they obtain indirect
genetic benefits (i.e., "good genes" or "compatible genes") that are manifested as
higher heterozygosity (Sheldon et al. 1997, Foerster et al. 2003, Fossay et al. 2007,
Stapleton et al. 2007), better fledging condition (Sheldon et al. 1997), enhanced
immunocompetence (Johnson et al. 2000, Fossoy et al. 2007), or higher survival
(Kempenaers et al. 1997) of EP compared to within-pair (WP) young. However,
whether EP fertilizations can be assumed to be beneficial remains unresolved because
many studies have failed to detect any differences in the apparent quality of EP and
WP young (e.g. Lubjuhn et al. 1999, Whittingham and Dunn 2001, Bartos Smith et al.
2005). A possible resolution is that the genetic benefits of EP fertilizations may only
be evident when young experience severe physiological or ecological stress (Schmoll
et al. 2005, O'Brien and Dawson 2007), but whether benefits occur frequently enough
to outweigh potential costs remains unanswered.
One of the primary costs of EP mating behavior to females may be male
retaliation that is expressed as withdrawal of paternal care. Assuming that females
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view paternal care as a resource, the value of male care may vary with food
abundance, and consequently, variation in food abundance may contribute to
population and individual variation in the frequency of EP paternity. For instance,
Gowaty's (1996) "constrained female hypothesis" assumes that EP fertilizations
generally benefit females and that most will seek them if given the chance, but that
females of biparental-care species that are in poor condition or occupy low quality
habitats should be less likely to engage in EP copulations if doing so results in the loss
of paternal care. In accordance, female serins (Serinus serinus) given supplemental
food exhibited higher rates of EP paternity (Hoi-Leitner et al. 1999). Increased rates of
EP paternity have also been shown for females who cannot expect to receive
assistance with brood rearing from their social mates (Forstmeier 2003).
An alternative view is that females on territories with poor food resources may
have higher rates of EP paternity because they are forced to forage more widely, and
as a result, encounter males with whom they must trade copulations to either avoid
harassment or gain access to food (Gray 1997). Alternatively, these extra-territorial
forays in search of food resources may simply allow females to escape the mateguarding of their social mate (Vaclav et al. 2003, Rubenstein 2007). EP fertilizations
are therefore predicted to be most common among low quality females or females on
low-quality territories, and as predicted, addition of food to Red-winged Blackbirds
(Agelaius phoeniceus; Westneat 1994) and House Sparrows (Passer domesticus;
Vaclav et al. 2003) territories resulted in decreased rates of EP paternity. Similarly,
rates of EP paternity in Superb Starlings (Lamprotornis superbus; Rubenstein 2007)
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were highest on territories with low vegetation cover and low grasshopper abundance.
This hypothesis, which we refer to as the "mating opportunity hypothesis" does not
require that indirect genetic benefits to EP fertilizations exist because females may
accept copulations for the immediate direct benefits (reduced male harassment and/or
access to food). However, indirect benefits are not incompatible with the mating
opportunity hypothesis if females maximize their opportunities for EP mating as they
forage away from their social mate.
Food supply might therefore play a critical role in much of the observed
intraspecific variation in rates of EP paternity, and recent studies indicate that habitat
fragmentation affects insect abundance. Surface-dwelling invertebrates in particular
often exhibit low abundance in small forest fragments (Burke and Nol 1998, Bolger et
al. 2000, Zanette et al. 2000). However, edge habitats comprise proportionally more
area in small fragments and edges are often structurally more complex (Thompson and
Willson 1978) and support higher quantities of nectar, seed, and fruits than habitat
interiors (Strelke and Dickson 1980, Green 1984). Nectarivores, granivores, and
omnivores may thus be less likely to experience food limitation in small habitat
fragments than strict insectivores. In urban forest fragments, anthropogenic food
sources (especially bird feeders; Partecke et al. 2006) may be abundant near habitat
edges to supplement natural food supplies of omnivorous and granivorous birds.
Given the potential for territory-level variation in food supplies to influence EP mating
behavior (see above), the altered food availability often observed within fragmented
habitats might contribute to variability in the frequency of EP fertilizations.
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Spotted Towhees (Pipilo maculatus) are socially monogamous, resident, and
ground-foraging omnivores that breed in early successional edge habitats (Greenlaw
1996). Towhees are abundant occupants of urban parks in Portland, OR, where we
have shown that edge-nesting pairs fledge more and heavier young than pairs from the
park interior (Chapter 3, Bartos Smith et al. in press). Because of the apparent
advantage of nesting near edges for towhees, we sought to answer the question of
whether proximity to habitat edges also influences their EP mating behavior in the
context of testing the constrained female and mating opportunity hypotheses.
Assuming that edges provide more resources for towhees (Chapter 3, Bartos
Smith et al. in press), the constrained female and mating opportunity hypotheses
predict that proximity to edge should have different effects on the occurrence of EP
paternity. If, as predicted by the constrained female hypothesis, high quality females
or those breeding in high quality habitats risk less from seeking EP fertilizations, we
predicted that female body condition, the frequency of EP paternity, and the
proportion of young sired by EP males would be highest near habitat edges. The
assumption that EP fertilizations provide indirect genetic benefits to females also leads
to the prediction that EP young should be of higher quality than WP young. In
contrast, the mating opportunity hypothesis predicts that both the occurrence of EP
paternity and the proportion of young within a brood that are sired by EP males will be
highest in the low quality habitats that are far from edges. And, although females may
seek EP copulations for indirect genetic benefits while away from their social mates,
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the mating opportunity hypothesis predicts that WP and EP young would be of equal
quality if females are coerced into accepting copulations from EP males.
To test our predictions we used parentage data from over 200 Spotted Towhee
broods collected between 2004 and 2006 from four urban parks in Portland, OR. We
examined the relationship between distance to habitat edge (DTE) and both female
and male morphology and condition, and then evaluated the degree to which paternity
varied with DTE while controlling for possible associations between EP paternity and
female characters. Finally, we compared mass and size between WP and EP young to
determine whether there appears to be an indirect benefit for females who engage in
EP paternity.

METHODS

Field methods
Our four study sites were located in close proximity to one another (minimum
and maximum distance between centerpoints of 1.2 km and 3.2 km, respectively), and
all four were dominated by mixed deciduous-coniferous forest of primarily big-leaf
maple {Acer macrophyllum) and Douglas fir {Pseudotsuga canadensis). Understory
plant communities were well-developed at all sites, and recreational trail systems were
present, but variable in their extent. The fragments were surrounded mainly by
residential neighborhoods (single-family homes), but two of the four were bordered
partially by school playfields. Two of the forest fragments were approximately 10 ha
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in area, while the other two fragments were 18 and 24 ha. Forest cover at all sites was
at least 60 years old.
We banded as many adult towhees as possible in all three years by capturing
birds in mist-nets and fitting them with three colored plastic bands and one aluminum
USFW band. Males were captured using a conspecific taxidermic mount and song
playback, and females were captured during the nestling period by positioning nets
around active nests. Adults were classified as second year (SY; first potential breeding
season) or after second year (ASY; at least second potential breeding season) based on
plumage characters (Pyle 1997), and each was then weighed, standard morphological
measurements were taken (tarsometatarsus ["tarsus'] length, wing chord, tail and bill
lengths, and bill width), and a small (~50 ul) blood sample was collected. We located
nests of breeding pairs and monitored each nest every 2 to 3 days until young fledged
or the nest failed. Nestlings were banded on day 8-10, and each nestling was weighed,
measured (length of tarsus and 5th primary feather), and a blood sample was taken.
Blood samples from 2005 and 2006 were spun in a centrifuge at 11,700 rpm for 5 min
to measure hematocrit, after which samples were stored in Longmire's buffer
(Longmire et al. 1988) for laboratory analyses. Hematocrit was not measured in 2004
and samples were immediately placed in Longmire's buffer.
We measured the distance from each nest to the nearest habitat edge manually
in 2004 using sonic distance meters, but in 2005 and 2006 we used a Trimble GeoXT
GPS receiver to record GPS coordinates for each nest. We then used ArcGIS software
to determine the distance from each nest to its nearest habitat edge. We used a habitat

edge data layer from Lichti et al. (unpubl. data), who took publicly accessible parks
data layers and expanded the effective boundaries of each forest fragment by including
any area contiguous with the fragment with canopy cover beneath when less than 5%
of the ground surface was developed (i.e. buildings, paved roads, etc.). See Chapter 3
for detailed description of GIS methods.

Paternity analysis
DNA was extracted from blood using a DNeasy® Tissue Kit (Qiagen), and
paternity analyses were based on six microsatellite loci (Table 4-1). We amplified
microsatellites using 25 ul Polymerase Chain Reactions (PCR) containing a PuReTaq®
Ready-To-Go® PCR bead (Amersham) reconstituted with sterile water, 1 uM of each
primer (a fluorescently labeled forward primer and a reverse primer), and 1 ul DNA.
PCRs for most loci began with a 3 minute initial denaturing at 94 °C, followed by 30
cycles of 94°C for 1 minute, TA (Table 4-1) for 1 minute, and 72 °C for 1 minute. The
reaction ended with a final extension of 10 minutes at 72 °C. For Mme7 and Mme8
(Jeffery et al. 2001), we did 32 PCR cycles and a final extension of 30 minutes (L.
Benedict, pers. comm.). Primer sets with the same TA (Table 4-1) were multi-plexed
as single PCR reactions. We visualized products on an ABI3100 automated
sequencer, and determined the size of each microsatellite allele using GeneScan
software.
We used CERVUS (Marshall et al. 1998) with the five non-sex-linked
microsatellite loci to determine a set of candidate father(s) for each nestling. Candidate
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fathers had 0 mismatched alleles or 1 mismatch that was consistent with the rare
presence of null alleles (Table 4-1). Mme7, a sex-linked locus which could not be
analyzed using CERVUS, was manually compared between the nestling and all
candidate fathers. Utilizing this method narrowed each nestling's candidate pool to
only one father who matched at all six loci. Nestlings with no good matches were
considered to be extra-pair young of an unknown father.

Statistical analyses
To evaluate whether the probability of EP paternity (no EP young present = 0,
at least 1 EP young present = 1) or the proportion of EP young in a brood (number of
EP nestlings/total nestlings in the nest, using the events/trials syntax) differed with the
nest's DTE, we used generalized linear mixed models (GLMM; Glimmix macro for
SAS 8.02) with park ID, and year nested within female ID as random effects.
Including the hierarchical random effect allowed us to use our full set of nest data
while accounting for random variation between multiple nests of breeding pairs. Our
fixed effects included DTE and DTE (to allow for possible polynomial relationships).
In all initial models, we included the date of clutch completion as a fixed factor
because evidence suggests that food availability tends to decline seasonally (McKay
2008); however this factor was removed from final analyses when it was nonsignificant. We included only nests for which we sampled broods sufficiently, which
for analyses of the probability of EP paternity included all nests that contained at least
one EP young plus all nests without EP young for which we genotyped three or more
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nestlings (95% of nests consisted of 3 or 4 eggs; S. Bartos Smith, unpubl. data). For
analyses of the proportion of EP young, we limited our analyses to nests for which we
genotyped three or more nestlings. We also analyzed the proportion of EP young after
omitting nests without EP young.
We used linear regression to test for potential relationships between female
morphology (mass, tarsus, wing, and tail), condition (mass with tarsus included as an
independent variable; i.e. size-corrected mass) and hematocrit in relation to DTE.
While the relationship between hematocrit and condition has been debated (Dawson
and Bortolotti 1997), high hematocrit values are generally thought to indicate good
body condition (Merila and Svensson 1995, Svensson and Merila 1996). We included
both DTE and DTE2 as independent variables, but removed the quadratic term when it
was non-significant. To reduce multicollinearity between the linear and quadratic
terms, we first centered DTE values by subtracting the mean DTE from each data
point, and used the centered DTEs to calculate DTE2. An earlier study (Bartos Smith
et al, in press, Chapter 3) found no relationship between female age and nest DTE.
Female mass, morphology and condition did not vary among years (ANOVA: allp >
0.30) and therefore we combined all years for our analyses. Similarly, to rule out the
possibility that spatial patterns in rates of EP paternity were due to spatial patterns in
male quality, we performed linear regressions as described above with male
morphology (mass, tarsus, wing, tail) and condition. We tested for differences in the
spatial distribution of male age classes using a two-sample t-test. All linear regressions
and t-tests were conducted using Statistix 8.0.
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We repeated our GLMM analyses of the proportion of EP young using a
smaller subset of females for whom both morphological and paternity data were
available from the same year. For females with multiple nests in a given year, we
included the nest with the greatest number of genotyped nestlings, but for females
with both morphological and nestling paternity data from multiple years, we also
nested year within female as a random factor to account for replication. We also
included park as a random factor, and our fixed factors included DTE, DTE , female
age, female morphological measurements (mass, tarsus, wing, tail), and female
condition. We did not include hematocrit because doing so eliminated females from
2004 and greatly reduced our sample sizes. We performed stepwise removal of nonsignificant variables until only significant variables remained in the model. Because of
convergence problems when we attempted GLMM of the probability of EP paternity
using the entire suite of female morphological variables, we first conducted this
analysis using a stepwise logistic regression with forward selection to identify
potentially important factors that should be included in the GLMM. All GLMMs
assumed a binomial error distribution and a logit-link function, and we calculated
degrees of freedom using the Satterthwaite method (Littell et al. 1996).
To test for differences in quality between EP and WP young, we used linear
mixed models (LMM; Proc Mixed in SAS 8.02) with each nestling's phenotypic trait
(mass, tarsus length, primary feather length) as response variables. Random effects
included park ID, and brood ID nested within year nested within female ID. Fixed
effects included paternity (WP young = 1, EP young = 2) and DTE, as well as the
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interaction between the two (pateraity*DTE) to test for context dependence of genetic
benefits to EPY. Because nestling phenotypic traits depend on age at banding, and
may have varied with hatch date, we included both variables as fixed factors. We also
used LMM to evaluate nestling condition as both size-corrected mass (see above) and
hematocrit. To further evaluate potential differences in quality between EP young and
WP young, we limited our analyses to nests with mixed paternity (i.e. nests containing
both EP young and WP young). We calculated the average mass, tarsus length,
primary length, hematocrit, and condition (residuals of the regression of mass on
tarsus length) for EP and WP young, and conducted paired Mests between maternal
half-sibs.

RESULTS

General patterns: annual and seasonal variation
We genotyped 575 nestlings from 228 broods over the three years. Overall,
26.3% of young were sired by an EP father and 44.4% of nests contained at least one
EP young (Table 4-2). Although EP paternity was 40% higher in 2004 than in 2006
(Table 4-2), differences between years were not significant (x2 = 1.57, n = 117, df = 2,
p = 0.455). Similarly, there were no annual differences in the percentage of EP young
within broods either when we included nests without EP young (Kruskal-Wallis test:
H = 1.70, n = 117, p = 0.427), or only included nests that contained EP young (H =
0.75, n = 52, p = 0.685). We found no seasonal variation in either the probability of EP
paternity (GLMM: F = 0.03, df= 72.6, p = 0.864) or the proportion of EP young
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within a nest (GLMM: all nests, F = 0.60, df= 79.1, p = 0.442; nests with EP
paternity, F = 0.12, df= 31.2, p = 0.735), therefore date was not included as a fixed
factor in the GLMM analyses described below.

Spatial variation in paternity
Park ID was not a significant contributor in any of our GLMMs (Tables 4-3
and 4-4), and therefore the probability of EP paternity and proportion of EP young in
broods did not differ between parks. The probability that a nest contained EP young
showed a marginally significant decline with DTE but increased significantly with
DTE2 (Table 4-3 A), suggesting that the probability of EP paternity was lowest at
intermediate distances from the park edge. The latter analysis included edge nests that
bordered both neighborhood homes and open, manicured athletic fields. Edges
bordering open spaces may be functionally different from those bordering residential
areas because they are unlikely to provide sources of anthropogenic food, and
therefore we reexamined the relationship between probability of EP paternity and DTE
after omitting nests located within 50 m of athletic fields. Both the linear and quadratic
terms describing the polynomial relationship between the probability of EP paternity
were significant (Table 4-3B), confirming that probability of EP paternity was lowest
at intermediate distances from edges that bordered residential areas.
For the entire sample of nests, no relationship existed between the proportion
of EP young in a brood and DTE (DTE: F = 0.001, df = 113, p = 0.968; DTE2: F =
0.001, df = 114, p = 0.954), but after we excluded nests without any EP young, the
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proportion of EP young in a brood exhibited a significant polynomial relationship with
DTE (Table 4-4), indicating that nests at intermediate distances from the edge had the
highest proportion of EP young (Table 4-4). Thus, both the probability that a nest
contained EP young and the proportion of young in a brood were sired by EP males
varied nonlinearly with DTE, but in an opposite manner.

Spatial variation in female and male traits
With respect to the meristic features of females, DTE2 did not contribute
significantly (p > 0.90) to variation in either body mass or tarsus length, and after it's
removal, both body mass (r = -0.141, n = 115, p = 0.133) and tarsus length were
independent of DTE (r = 0.052, n = 116, p = 0.579). Wing chord also varied
independently of DTE (r = -0.081, n = 116, p = 0.693), and DTE2 (r = -0.171, n = 116,
p = 0.067) when examined separately, as did hematocrit (DTE: r = 0.062, n = 74, p =
0.598; DTE2: p = 0.576). On the other hand, tail length (r = -0.199, n = 111, p = 0.037)
and body condition (r = -0.473, n = 115, p < 0.001) both declined significantly with
DTE after removing the non-significant quadratic term (tail length: p = 0.333;
condition: p = 0.864). Thus, female body mass, tarsus length, wing chord and
hematocrit were unrelated to proximity to park edge, but tail length and body
condition declined as distance from the edge increased.
All tests for a second-order polynomial relationship between male
morphological traits and DTE indicated that the quadratic term never contributed
significantly (all p's > 0.200), and after the removal of DTE2 we also found no
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relationship between male morphology and DTE (mass: r = 0.059, n = 102, p = 0.542;
tarsus length: r = 0.020, n = 104, p = 0.840; wing chord: r = 0.091, n = 104, p = 0.358;
tail length; r = -0.056, n = 103, p = 0.577). Similarly male condition (r = 0.057, n =
102, p = 0.574) and age (t = 0.08, df = 102, p = 0.934) were unrelated to DTE and
DTE2 (p > 0.500).
Among the females with complete information on paternity, age and
morphology, we found no relationships between the proportion of young that were EP
and distance to edge (DTE: p = 0.612, DTE2: p = 0.159), or with female age (p =
0.250), morphology (body mass: p = 0.776; tarsus length: p = 0.714; tail length: p =
0.376; wing chord: p = 0.221) or body condition (p = 0.776). But among nests with EP
young, the polynomial relationship between the proportion of EP young and DTE
again appeared (highest proportion at intermediate DTE), along with a significant
increase and decrease in the proportion of EP young with tail length and female age,
respectively (lower in ASY females; Table 4-5). No relationship existed between the
proportion of EP young and body mass (p = 0.569), tarsus length (p = 0.458), wing
chord (p = 0.419) or body condition (p = 0.569). Stepwise logistic regression revealed
no significant relationships between the probability of EP paternity and distance to
edge, female age, or any female morphological variable, and therefore we did not run
the additional GLMM.
Female ID contributed significantly to the probability of EP paternity (p =
0.005, Table 4-3), and to the proportion of young that were EP among the females for
whom we had complete information (p < 0.001, Table 4-5). Female EP mating

behavior thus appeared to be consistent among nesting attempts. However, most
females were sampled in only one year (i.e. one age class) and few changed nesting
location, leaving open the possibility that the significant female effect was an age or
spatial effect. We therefore tested for changes in the proportion of broods that
contained EP young as females transitioned from SY to ASY, and among females that
changed nesting location. Sample sizes were limited, but the probability that a
female's brood contained EP young was higher when she was SY (9 of 15, 60%) than
when she was ASY (2 of 15,13%; Fisher's exact test, two-tailed, p = 0.021). In
addition, EP mating behavior appeared to change within females as they changed
nesting location. Of the 7 females who nested both along the edge (< 50 m from edge)
and in the interior (> 50 m from edge), 2 exhibited the same mating behavior in both
locations (one with 100% EP young, one with 0% EP young), but of the other 5, all
had a greater proportions of EP young when they nested in the interior (sign test, p =
0.031).

Nestling quality: spatial associations and paternity
We included year in our analyses because prior analyses of a subset of the data
suggested annual variation in nestling body mass (McKay 2008). However, our
analyses of nestling quality were identical whether year was treated as a hierarchical
random or fixed effect. Nestling characteristics never differed among the four parks
(Tables 6-8), or with paternity (or the interaction between paternity and DTE) except
for a possible relationship between paternity and hematocrit. On the other hand, both
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nestling body mass and tarsus length declined with season (i.e. hatch date), increased
with age, and declined with increasing DTE (Table 4-6). Nestling primary length
(Table 4-7) and condition (Table 4-8) showed generally similar relationships. Both
were negatively related to hatch date and were greater in older nestlings (Table 4-7
and 4-8), but neither declined with DTE. In contrast, nestling hematocrit increased
seasonally (and possibly with age), and was marginally higher in EP than WP young
(Table 4-8), but was independent of DTE (Table 4-8). Thus, after controlling for the
effects of nestling age and date, nestlings distant from the habitat edge weighed less
and had shorter tarsi, and only in the case of hematocrit was there a suggestion of a
difference between WP and EP young.
The above analyses did not directly compare maternal half-sibs and therefore
genetic effects on nestling quality may have been masked by other influences.
However, paired t-tests of maternal half-sibs sharing the same nest also failed to detect
any differences in body mass (t = 0.85, df = 45, p = 0.402), tarsus (t = -0.23, df = 45, p
= 0.822) or primary length (t = -0.02, df = 44, p = 0.987), hematocrit (t = -0.20, df=
28, p = 0.844) or condition (t = 0.07, df = 45, p = 0.946). We thus have no evidence
that paternity generated phenotypic differences between EP and WP young.

DISCUSSION

The proportion of towhee broods that contained EP young, and the proportion
of young in broods that were EP, did not vary among parks, and although annual
variation in both was relatively high, the differences were not significant.
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Spottiswoode and Mailer (2004) compared the proportion of EP young in broods of a
phylogenetically diverse sample of birds and showed that EP paternity increased with
latitude and migration distance, and based on comparative data for related and/or
ecologically similar species in the Emberizidae, Cardinalidae, and Fringillidae (n = 18;
see Spottiswoode and Mailer 2004), the proportion of young sired by EP male
towhees averaged over the three years (26.3%) was somewhat, but not strikingly,
above that predicted from the towhees' mid-latitude breeding range (21%) and low
migration distance (17.8%).
We also failed to detect any seasonal variation in the probability of EP
paternity or proportion of EP young in broods. Nestling size (mass, and tarsus and
primary lengths; Tables 4-6 and 4-7), condition (Table 4-8), and parental feeding rates
(McKay 2008) all declined seasonally, and given that both the constrained female and
mating opportunity hypotheses predict variation in EP paternity with food availability
(albeit in different directions), the absence of seasonal variation in EP mating behavior
is somewhat surprising. Location (distance to edge) emerged as a more important
correlate of EP mating behavior, and perhaps this was because spatial variation in food
abundance was relatively constant despite the apparent seasonal decline (i.e. low
quality territories are always relatively worse than high quality territories).
Indeed, both female condition and patterns of EP paternity varied with distance
to habitat edges. Female condition and tail length declined with distance from edge,
but the probability of EP paternity and the proportion of young sired by EP males were
lowest and highest, respectively, at intermediate distances from edges. We also found
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that nestling body mass and tarsus length declined with distance from edge. The
decline in female condition and both nestling mass and tarsus length with distance
from edge are consistent with previous findings that reproductive success in this
towhee population was highest near habitat edges (Chapter 3, Bartos Smith et al. in
press), and together strongly support our assertion that habitat quality for towhees was
highest near edges. That EP mating patterns also varied with distance to edge suggests
that ecological conditions, probably food supply, influenced towhee mating behavior,
but in unexpected ways.
Both Gowaty (1996) and Gray (1997) predicted that food supply would affect
female behavior and the frequency of EP paternity, but their different perspectives
lead to opposite predictions. Gowaty based her constrained female hypothesis on the
assumption that females breeding under the best of conditions would be the most
likely to seek EP fertilizations because the cost of losing paternal care would have
little impact on their ability to raise young. Additionally, females with access to
abundant resources may better thwart their social mate's attempts at mate guarding
(Hoi-Leitner et al. 1999), or because foraging is less time-consuming in food abundant
territories, females may devote more time to the pursuit of EP copulations (Davies and
Lundberg 1984, Fleischer et al. 2003). The mating opportunity hypothesis assumes
that females on low quality sites are required to move widely to find sufficient food,
and as a consequence, encounter EP males with whom they are forced to trade
copulations to acquire food resources (Gray 1997). Gray's hypothesis is also
consistent with the view that all females seek EP fertilizations, but only females that

make extra-territorial forays can escape the mate-guarding efforts of their social mates
(Rubenstein 2007).
Based on the available evidence, we are confident that edges provided the best
foraging opportunities for towhees, but paradoxically, broods with the lowest
probability of EP paternity were found at intermediate distances from edge, where we
also found that the proportion of young that were EP was highest. The latter finding
contradicts predictions of both hypotheses, while the former seemingly supports both.
Because male condition, age, and morphology did not vary spatially, it appears
unlikely that spatial variation in patterns of paternity were related to social mate
quality. Rather, different ecological conditions at edges and in the interior most likely
underlie female EP mating behavior.
Both hypotheses also made opposite predictions regarding the relationship
between female quality and EP paternity. Female age and tail length emerged as
significant predictors of the proportion of a brood that was EP, but again, we did not
obtain clear support for either hypothesis. By virtue of their survival over at least two
seasons, older females presumably represent high quality individuals. Older females
also have greater experience at raising young and therefore should be less constrained
by the potential loss of paternal care (Forstmeier 2003). But contrary to the
constrained female hypothesis' prediction that high quality females should more
frequently acquire EP fertilizations, we found that EP young were more often found in
broods of SY females. SY female Hooded Warblers (Wilsonia citrina; Stutchbury et
al. 1997) also exhibited higher rates of EP paternity than ASY females, but counter

examples of higher rates of EP paternity in ASY females exist (Kempenaers et al.
1999, Dietrich et al. 2004, Bouwman and Komdeur 2005). In the case of the latter,
high rates of EP paternity among ASY females most often occurred in females paired
to SY males, and it may have been that these females sought EP fertilizations because
SY males were either low quality or less likely to withhold parental care (Dietrich et
al. 2004, Bouwman and Komdeur 2005). SY female towhees may likewise be paired
to less desirable social mates and have more incentive to seek copulations with more
desirable extra-pair males (Westneat et al. 1990, Stutchbury et al. 1997), and indeed
this may partly explain the greater infidelity of SY females because Portland towhees
exhibited significant assortative mating by age group (x2 = 5.61 n = 76, p = 0.018).
Independently of age, the proportion of a brood that was EP varied directly
with tail length, which is often viewed as an honest signal of quality (IVMler 1993,
Fitzpatrick and Price 1997). We have shown that tail length and cloacal microbial
diversity are inversely related in female towhees (Klomp et al. in press), and assuming
that pathogenic bacteria are more likely to be found when microbial community
diversity is high, or that high microbial diversity is characteristic of
immunocompromised females, long-tailed females likely represent high quality
individuals. The positive association between EP paternity and tail length is thus
consistent with the constrained female hypothesis' prediction that EP paternity should
occur most often in high quality females.
The constrained female hypothesis also predicts that EP fertilizations yield
indirect genetic benefits to females through the production of superior young. And
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although it is difficult to fully address the question of whether EP young were higher
quality, our analyses lend no support to this prediction. Nestling body mass, tarsus and
primary lengths, and condition of EP and WP young were equal. High hematocrit is
often used as a measure of individual quality (Merila and Svensson 1995, Svensson
and Merila 1996), and we found a marginal trend for higher hematocrits in EP young.
However, high hematocrit might also result from dehydration (Vleck and Priedkalns
1985), which is consistent with our demonstration that nestling towhee hematocrits
increased seasonally (Table 4-8) as the summer drought commenced. But even if we
assume that high hematocrit is a useful measure of quality, the difference between
EPY and WP (0.0056, ~ 1%) was very small and probably not biologically significant.
We can not unequivocally eliminate the possibility that females derived indirect
genetic benefits from EP fertilizations because we did not test for other potential
differences such as immunocompetence (Johnson et al. 2000, Fossay et al. 2007) or
probability of recruitment (Kempenaers et al. 1997), but the very similar condition of
WP and EP towhee young suggests that females did not acquire immediate benefits
from EP fertilizations.
A possible explanation for our inability to reject either hypothesis is that
ecological conditions differed sufficiently between edge and interior sites that females
in the two habitats followed different "rules of engagement." That is, the high
probability of EP young in edge nests may reflect high food abundance, high female
quality, reduced dependence on male parental care, and as predicted by the
constrained female hypothesis, increased EP mating behavior. Conversely, the high
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probability of EP young in nests located in the park interior may have arisen from low
food availability, low female quality, wide-ranging female foraging behavior, and
increased probability that females encountered EP males with whom they exchanged
copulations for access to resources (as predicted by the mating opportunity
hypothesis). Unfortunately, this interpretation can not account for the low proportion
of EP young in broods at points near and distant from edges.
We suggest that the inability to cleanly reject either hypothesis arose from the
influence of unique food sources (bird feeders) in urban habitat edges that border
residences. High food abundance typically results in smaller female home ranges
(Davies and Lundberg 1984) and more time spent on territory (Vaclev et al. 2003).
However, high food availability at reliable anthropogenic food sources (i.e. feeders)
may draw individuals towards edges and increase opportunities for interactions
between individuals (e.g. Schoech et al. 2007), increasing the potential for EP mating.
Feeders were often present at homes that bordered our study sites and multiple pairs
regularly visited the same feeder (S. Bartos Smith, pers. obs.), and we suspect that the
high probability that nests contained EP young at habitat edges (but with a low
proportion of EP young) had less to do with female condition or independence from
male parental care than with simple increased chance encounters with potential EP
mates on shared feeding grounds. Because social mates of edge-nesting females
probably also moved little, mate guarding may have been high and contributed to the
low proportion of young sired by EP males.
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Females at intermediate distances from edges were closer to feeders than
females in the interior, and therefore in individual cases, some of these females may
have visited feeders frequently and increased their opportunities for EP copulations.
High feeder visitation rates by a subset of females at intermediate distances could
therefore create an overall low rate of EP paternity, but when it occurred, at high rates
to produce the high proportion of EP young found in nests at intermediate distances
from edge. Our previous work suggesting that positive edge effects can persist beyond
50 m from habitat edges (Bartos Smith et al. in press, Chapter 3) supports the position
that some individuals at intermediate DTE can utilize food resources near edges.
Interior females, who appeared to occupy the poorest habitat, were possibly the most
wide-ranging individuals and many may have had encounters with males with whom
they obtained EP fertilizations, but infrequent visits to feeders due to the distance
might produce a low proportion of EP young.
While we are unable to entirely reject either hypothesis, the weight of the
evidence suggests that the mating opportunity hypothesis is generally better able to
account for our findings. For instance, the constrained female hypothesis predicts that
EP young should most often be found in broods of high quality females, and that EP
fertilizations yield higher quality young. Age is probably the best indicator of quality,
but younger females were more likely than ASY females to raise EP young. In
addition, we found no difference in the quality of WP and EP young. Moreover,
comparisons of the behavior of individual females showed that they were more likely
to have EP young in broods when they were younger, and when they nested at lower

quality sites away from habitat edges. Hence, the presence of EP young was associated
with poorer breeding conditions, as predicted by the mating opportunity hypothesis.
Finally, the paradoxical patterns of EP paternity with distance from edge are consistent
with our hypothesis that the frequency of off-territory encounters between nonsocial
pairs underlies EP mating patterns. With the exception that long-tailed females had a
high proportion of their brood sired by EP males, we thus found no support for the
constrained female hypothesis.
The influence of habitat fragmentation on avian mating systems in only
beginning to be explored (Norris and Stutchbury 2001, Morton and Stuchbury 2005),
and to our knowledge, this is the first study to investigate how habitat edges influence
rates of EP paternity in an urban setting. More work is needed to investigate the
effects of habitat fragmentation, urbanization, and human activities on avian mating
systems, and controlled studies of the effects of bird feeding on the EP mating system
provide a unique opportunity to both test theory and better understand the sometimes
unexpected ways in which human activities influence animal populations (Robb et al.
2008). The EP mating system is an important part of avian ecology, and disruption or
changes to this system can have large conservation consequences (Norris and
Stutchbury 2001, Morton and Stutchbury 2005).
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Table 4-1. Six microsatellite loci used for the Spotted Towhee. Observed
heterozygosity (Ho), expected heterozygosity (HE), and null allelefrequencywere
calculated from a dataset of 935 Spotted Towhees (all adults and nestlings genotyped).
The values for Mme7 were calculated for a dataset of adult male towhees only (n =
331) since this locus is sex-linked and all females appear as homozygotes. Total
probability of exclusion (Pet) for these six loci is > 0.9993.
Locus

Source

TA

Asul5

Bulgin et al. 2003

55

Asul8

Bulgin et al. 2003

55

Mme7*

Jeffery et al. 2001

60

Mme8

Jeffery et al. 2001

60

Escu6

Hanotte et al. 1994

50

GF5

Petren 1998

50

Ho
HE
0.893
0.893
0.533
0.538
0.773
0.897
0.561
0.599
0.891
0.914
0.892
0.877

# alleles in
SPTO
25

Null allele
frequency
-0.0008

0.782

8

0.0001

0.349

17

0.0739

0.793

17

0.0413

0.409

25

0.0115

0.827

24

-0.0101

0.763

Pej

*sex-linked locus, males possess two copies, females only one, TA = annealing
temperature, Ho = observed heterozygosity, HE = expected heterozygosity, Pq- =
probability of exclusion if one parent (mother) is known.
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Table 4-2. Rates of extra-pair paternity and paternity assignments for nestling Spotted
Townees in three breeding seasons.
Season
2004

2005

2006

Total

Nestlings Genotyped

132

214

229

575

Broods Sampled

53

85

90

228

Number of Extra-pair Nestlings

48

47

56

151

Percentage of Extra-pair Nestlings

36.36%

21.96% 24.45%

26.26%

Broods without EPY1

11

24

30

65

Broods with 1+EPY2

22

26

32

80

Broods with 1+ EPY (3+ young)1

13

20

19

52

Percentage of broods with EPY1

54.17%

EPY assigned a sire
Percentage of EPY assigned a sire

30
62.50%

45.45% 38.78%
34

47

72.34% 83.93%

44.44%
111
73.51%

Counting only nests for which we genotyped complete broods (3 or 4 young).
2

Includes all nests known to contain EPY regardless of number of nestlings genotyped.
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Table 4-3. Results of GLMM of the effects of distance to habitat edge on the
probability of EPP within a nest (0 = no EPP, 1 = EPP) for the entire sample (A) and
all nests except those within 50 m of a non-residential edge (B).
Factor

Estimate

SE

Statistic (d.f.)

p value

3.279

1.2769

2.57

0.005

DTE

-0.044

0.0246

3.21(130)

0.075

DTE2

0.0004

0.0002

4.13(122)

0.044

A. All nests
Random effects
Park
Year (Female)

0

Fixed effects

B. Interior nests and edge nests bordering neighborhood homes
Random effects
Park
Year (Female)

0
6.152

2.0414

3.01

0.001

DTE

-0.075

0.0315

2.39(102)

0.019

DTE2

0.001

0.0003

2.79(86.5)

0.006

Fixed effects

Test statistics were z for random factors and F for fixed factors.
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Table 4-4. Results of generalized linear mixed models (GLMM) of the effects of
distance to habitat edge on the proportion of EPY within nests that contained one or
more EPY.
Factor

Estimate

SE

Statistic (d.f.)

p value

0.206

0.5919

0.35

0.364

DTE

0.003

0.0164

4.19(47.9)

0.046

DTE 2

-0.0003

0.0001

5.47(48.7)

0.024

Random effects
Park

0

Year (Female)
Fixed effects
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Table 4-5. Results of generalized linear mixed models (GLMM) of the effects of
distance to habitat edge and female morphology on the proportion of EPY within a
nest for nests with EPY.
Factor

Estimate

SE

Statistic (d.f.)

p value

56.233

15.029

3.74

O.0001

DTE

0.339

0.1379

6.03 (28)

0.021

DTE2

-0.002

0.0012

3.96 (28)

0.057

Female age

-13.037

2.8841

20.43 (28)

0.0001

Tail length

1.358

0.3900

12.13 (28)

0.002

Random effects
Park
Year (Female)

0

Fixed effects

Test statistics were z for random factors and F for fixed factors.

Table 4-6. Results of LMM of nestling mass and tarsus length.
Estimate

SE

Statistic (d.f.)*

p value

Park

0.276

0.3156

0.87

0.191

Nest(Year*Mom)

3.270

0.6406

5.10

<0.0001

Hatch Day

-0.026

0.0067

15.10 (299)

0.0001

Age

0.934

0.2546

13.44(299)

0.0003

DTE

-0.020

0.0100

5.68 (299)

0.018

Paternity

-0.782

0.6215

1.58(299)

0.209

DTE*Paternity

0.008

0.0107

0.59 (299)

0.444

Park

0.009

0.0251

0.37

0.356

Nest(Year*Mom)

0.583

0.1140

5.11

O.0001

Hatch Day

-0.008

0.0028

8.81 (300)

0.003

Age

0.345

0.1061

10.54 (300)

0.001

DTE

-0.010

0.0042

7.30 (300)

0.007

Paternity

-0.317

0.2594

1.49(300)

0.224

DTE*Paternity

0.004

0.0045

0.88 (300)

0.350

Factor
A. Nestling Mass
Random effects

Fixed effects

B. Nestling Tarsus
Random effects

Fixed effects

Test statistics in Tables 4-6 to 4-8 are z for random factors and F for fixed factors.

Table 4-7. Results of LMM of nestling primary length.
Factor

Estimate

SE

Statistic (d.f.)

p value

10.398

1.4145

7.35

O.0001

Hatch Day

-0.023

0.0100

5.24 (293)

0.023

Age

2.618

0.3884

45.43 (293)

O.001

DTE

0.003

0.0128

0.08 (293)

0.772

Paternity

0.391

0.7210

0.29 (293)

0.588

DTE*Paternity

-0.012

0.0122

0.91 (293)

0.341

Random effects
Park
Nest(Year*Mom)

0

Fixed effects

Table 4-8. Results of LMM of nestling condition and hematocrit.
Factor

Estimate

SE

Statistic (d.f.)*

p value

A. Nestling Condition (size -corrected mass)
Random effects
Park

0.164

0.1991

0.82

0.205

Nest(Year*Mom)

2.549

0.4583

5.56

O.0001

Hatch Day

-0.014

0.0057

6.09 (298)

0.014

Age

0.446

0.2147

4.31 (298)

0.039

Tarsus Length

1.458

0.0853

291.98 (298)

<0.0001

DTE

-0.006

0.0081

0.68 (298)

0.409

Paternity

-0.350

0.4974

0.50 (298)

0.482

DTE*Paternity

0.003

0.0086

0.09 (298)

0.769

Park

0.0001

0.0001

0.70

0.243

Nest(Year*Mom)

0.001

0.0002

4.79

<0.0001

Hatch Day

0.0003

0.0001

6.20 (201)

0.014

Age

0.010

0.0053

3.62 (201)

0.059

DTE

-0.0001

0.0002

0.76 (201)

0.383

Paternity

-0.022

0.0122

3.35 (201)

0.069

DTE*Paternity

0.0003

0.0002

2.60 (201)

0.108

Fixed effects

B. Nestling Hematocrit
Random effects

Fixed effects

CHAPTER FIVE
CONCLUSIONS AND FUTURE DIRECTIONS

I monitored Spotted Towhee reproduction and survival over three years in four
mid-sized urban parks to document population growth rate, nest success, reproductive
performance, and rates of extra-pair paternity. In the context of how urban
environments may provide unique ecological situations for birds, I sought to
determine how landscape features of urban parks such as park area, recreational trails,
and habitat edges influenced the demography, reproductive output, and mating
behavior of towhees.
Because of high abundances of Spotted Towhees in the four parks, I
hypothesized that the parks would support sustainable towhee populations. However,
abundance is sometimes a misleading indicator of habitat quality (Van Home 1983),
and in fact I found that two of the four parks are actually population sinks where
reproductive output does not compensate for adult mortality. Of the remaining two
parks, one is likely a stable population and the other is a source population with
reproductive output exceeding adult mortality. I found no indication that park area or
the proportion of habitat edge influenced reproductive productivity or growth rate, and
only weak evidence that adult survival was slightly higher in larger parks. The density
of recreational trails, however, was negatively related to adult survival and therefore to
population growth rate, indicating that growth rate is highest in parks with a low
density of recreational trails. Studies investigating both reproductive productivity and
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adult survival in urban habitat fragments are rare, and my work shows that both
measures are essential for the proper management of habitat refuges. Because trails are
nearly ubiquitous in urban habitat fragments, future research is necessary to test the
relationship between trail density and demographic parameters (especially adult
survival) in a wider range of parks with various levels of trail development.
Additionally, studies which address the mechanisms by which trails may influence
avian demography are necessary to fully understand this relationship.
Most studies of reproductive success in urban areas have focused on nest
success, the percentage of nests that fledge at least one offspring. Essentially, this is an
estimate of rates of nest predation, because most nests that fail to fledge young do so
because they are depredated prior to fledging. However other factors, such as food
abundance, may influence reproductive success by affecting the number or quality of
young produced, and these variables have been largely ignored in urban bird studies. I
tested the effects of park size, recreational trails, and habitat edges on nest success,
timing of breeding, clutch size, nestling condition, and fledging success. Again, park
size was a poor predictor of any measure of reproductive output. Nest success was
unrelated to the distance to habitat edge, but ASY females nesting within 10 m of a
recreational trail had significantly greater nesting success than females nesting in other
locations. Additionally, while rates of predation (estimated by nest success) were
independent of distance from the habitat edge, nests near edges fledged significantly
more offspring, were less likely to suffer partial brood losses (typically resulting from
starvation), and nestlings near edges bordering residential areas were significantly
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heavier than those in the park interior. Therefore, it appears that towhees obtain
reproductive benefits from nesting near habitat edges, most likely because food
resources are more abundant near edges partly due to anthropogenic food sources such
as seed from bird feeders. However, it is possible that anthropogenic food sources are
of lower quality than natural food sources, and this may partly explain the lower
nestling hematocrit values I observed near edges. It is important that additional studies
be undertaken to determine the effects of both predation and food abundance on
reproductive performance in urban bird populations. Advantages to nesting near edges
may only apply to granivorous or omnivorous birds like towhees, and very different
patterns may be seen for strictly insectivorous species that may not benefit from
anthropogenic food sources.
Food abundance has been found to influence the rates of extra-pair paternity in
birds (Westneat 1994, Gray 1997, Hoi-Leitner et al. 1999, Charmantier and Blondel
2003, Vaclav et al. 2003, Rubenstein 2007), and given that edges likely provide
towhees with greater food resources than the park interiors, I sought to determine
whether rates of extra-pair paternity varied spatially for towhees. Two hypotheses
make opposite predictions regarding the relationship between food abundance and
rates of extra-pair paternity. The constrained female hypothesis (Gowaty 1996)
predicts that females on territories with abundant food and females in good condition
are more likely to engage in extra-pair copulations, because they are less constrained
by the potential loss of parental care by their social mate. The mating opportunity
hypothesis (based on Gray 1997) predicts that females on territories with poor food
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resources will travel widely in search of food, and may engage in extra-pair
copulations to obtain access to food resources on the territories of extra-pair males. To
distinguish between these two hypotheses, I investigated spatial patterns of extra-pair
paternity and female quality. I also tested for differences in phenotypic quality
between extra-pair and within-pair young, as the constrained female hypothesis
predicts that extra-pair fertilizations provide females with indirect genetic benefits.
As expected, females nesting near habitat edges were in better condition than
those nesting in the interior, and nestlings born near edges were larger than those born
in the interior, providing further evidence that habitat quality for towhees is greatest
near edges. However, I did not find a clear relationship between distance to edge and
rates of extra-pair paternity. In support of both the constrained female and the mating
opportunity hypotheses, the probability of extra-pair paternity was greatest both near
edges (where food abundance is highest), and in the park interior (where food
abundance is lowest). Conversely, and in support of neither hypothesis, the proportion
of extra-pair young within nests containing extra-pair offspring was highest at
intermediate distances from the habitat edge. In accordance with the constrained
female hypothesis, I found that females with long tails (often a signal of high quality)
had higher proportions of extra-pair young. However, in opposition to the constrained
female hypothesis, I found that inexperienced (SY) females had higher proportions of
extra-pair young, and I found no apparent genetic benefits for extra-pair offspring.
Additionally, for individual females who nested both near edges and in the park
interior, the proportion of extra-pair young was significantly higher when they nested
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in the interior. My results overall appear to provide greater support for the mating
opportunity hypothesis than the constrained female hypothesis, and I suggest that the
high probability of extra-pair paternity near edges and the high proportion of extrapair young at intermediate distances from the edge likely has more to do with the
nature of the food resources near edges (e.g. communally used bird feeders), than with
female condition. Future research is necessary to determine the ways that features of
the urban environment, particularly anthropogenic food sources, affect the extra-pair
mating system of birds breeding in these habitats.
In conclusion, I found that features of the urban landscape have effects on the
demography, reproductive output, and mating system of Spotted Towhees nesting in
urban forest fragments. While I found no evidence that park area affected any aspect
of the demography or behavior of towhees, the range of parks in which this work was
conducted may have been too restricted to detect a pattern. Recreational trails,
however, had a positive effect on the reproductive output of towhees, but possibly a
strong negative effect on adult survival, which then caused low population growth
rates for towhees breeding in parks with high trail density. Habitat edges did influence
the overall demography of towhee populations, but due to increased food abundance at
edges, they had strong effects on the number and quality of offspring produced and on
the extra-pair mating system of towhees. This dissertation contributes to a new and
growing field of urban bird ecology and is among the first studies to investigate both
reproduction and survival for urban birds, to evaluate reproductive performance by
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going beyond simple estimates of nest success, and to determine how features of the
urban landscape affect avian mating behavior.
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